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Mitogen-activated protein kinas signal 
transduction in skel tal muscl : effects of x rcise 
and muscle contraction 

U. WIDEGREN, 2 J. W. RYDFR 2 and J . R. Z1E RATH 1,2 

1 Department of Clinical Physiology, Karolinska Hospital, Stockholm, Sweden 

2 Department of Physiology and Pharmacology, Karolinska Institute^ Stockholm, Sweden 

ABSTRACT 

Exercise has numerous growth and metabolic effects in skeletal muscle, including changes in 
glycogen metabolism, glucose and amino acid uptake, protein synthesis and gene transcription. 
However, the mechanism(s) by which exercise regulates intracellular signal transduction to the 
transcriptional machinery in the nucleus, thus modulating gene expression, is largely unknown. This 
review will provide insight on potential intracellular signalling mechanisms by which muscle 
contraction/exercise leads to changes in gene expression. Mitogen-activated protein kinase (MAPK) 
cascades are associated with increased transcriptional activity. The MAPK family members can be 
separated into distinct parallel pathways including the extracellular signal-regulated kinase (ERK) 1/2, 
the stress-activated protein kinase cascades [SAPK1/JNK and SAPK2/p38) and the extracellular 
signal-regulated kinase 5 (ERK5). Acute exercise elicits signal transduction via MAPK cascades in 
direct response to muscle contraction. Thus, MAPK pathways appear to be potential physiological 
mechanisms involved in the exercise-induced regulation of gene expression in skeletal muscle. 

Keywords exercise, extracellular signal-regulated kinase, gene expression, mitogen-activated 
protein kinase, muscle contraction, stress-activated protein kinase. 
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The effects of exercise on metabolic and morphological 
responses/adaptations are highly specific to exercise 
type, frequency, and duration. Although exercise- 
training-induced adaptations in skeletal muscle are the 
result of cumulative effects of repeated bouts of exer- 
cise, the initial signalling responses that lead to long- 
term adaptations presumably occur in relation to each 
single training session. Exercise is a very complex 
physiological stimulus that challenges multiple 
biochemical and biophysical aspects of cellular function 
and therefore requires an appropriate control network. 
However, at present, the molecular signalling mecha- 
nisms linking muscle contraction or other exercise- 
associated stimuli to intracellular responses in skeletal 
muscle are poorly understood. 

Among the observed benefits of exercise training are 
increased whole-body glucose disposal and improved 
insulin sensitivity (Houmard eta/. 1991, Hughes et al 
1993). These effects appear to he mediated via 
increased expression of the glucose transporter protein 
4 (GLUT4) (Houmard et al 1991, Hughes et ai 1993, 



Ren et al. 1994, Ploug et al. 1998, Chibalin et al. 2000), 
as well as adaptive responses in the expression and 
function of key insulin-signalling molecules (Houmard 
et al 1999, Chibalin et al 2000). The cellular signalling 
mechanism that mediates exercise-induced adaptations 
in skeletal muscle may involve the mitogen-activated 
protein kinase (MAPK) signalling cascades as MAPK 
activation has been implicated as an important mech- 
anism governing cellular proliferation and differenti- 
ation (Brunct & Pouyssegur 1997, Karin 1995). 

Mitogen-activated protein kinase cascades 

In mammalian cells, numerous intracellular signalling 
cascades arc known to be critical intermediates in the 
regulation of various biological functions (Widmann 
et al 1999). Cellular stress can elicit signal transduction 
through protein phosphorylation on serine, threonine, 
and tyrosine residues, and this constitutes a major 
regulatory mechanism that utilizes second messenger 
systems coupled to cell surface receptors (Cooper & 
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Hunter 1983, Ray & Sturgill 1988, Anderson eta/. 
1990). The MAPK are ubiquitous proteins that trans- 
duce extracellular signals leading to a variety of cellular 
responses including proliferation, differentiation, 
apoptosis and adaptation to environmental stress 
(Pages et a/. 1993, Kyriakis et ai 1994, Ichijo et a/. 1997, 
I^eppa et ai 1998). This can have important implications 
in the exercise response as exercise can be considered a 
physiological form of cellular stress. The parallel 
MAPK pathways include extracellular signal-regulated 
kinases (ERK) 1/2, the two stress-activated protein 
kinase cascades SAPK1/JNK and SAPK2/p38, and the 
extracellular signal- regulated kinase 5 (ERK5), also 
named big MAPK1 (BMK1). A defining characteristic 
of a MAPK is the requirement of dual phosphorylation 
of a Thr— X-Tyr motif for full enzyme activation, where 
X can be different amino acids among different 
MAPKs. While MAPK signals lead to diverse down- 
stream events, the MAPK-signalling cascades per se are 
somewhat conserved, in that the pathways involve 
similar three kinase modules (Brunct & Pouyssegur 
1997, Widmann eta/. 1999). For example, ERK is 
activated by phosphorylation by a MAPK/ERK kinase 
(MKK), which is similarly activated by phosphorylation 
of an upstream MEK kinase (MEKK) (Fig. 1). 

Many factors including growth factors, cytokines, 
hypoxia, changes in intracellular calcium and mechan- 
ical stress have also been shown to stimulate MAPK 
signal cascades (Table 1). Several of these factors are 
associated with exercise. Thus, MAPK signal trans- 
duction cascades are candidate systems that may 
convert the mechanical/biochemical stimuli elicited by 
muscle contraction into appropriate intracellular 
responses. MAPK signalling pathways have been 
implicated in the regulation of gene transcription in 
numerous cell types (Kyriakis et ai 1 994, Cavigelli et ai 
1995, Gupta et at. 1995, Xing et aL 1996). Constitutes of 
the MAPK signalling pathways are expressed in all 
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Figure 1 Proposed hierarchy of the MAPK module. Schematic of 
the ERK, p38 and J NIC MAPK signalling pathways derived from 
investigations using cultured cell systems. 

muscle cell types (skeletal, cardiac and smooth) 
(Yamazaki eta/. 1995, Goodyear eta/. 1996, Force & 
Bonvcntre 1998). However, the majority of studies 
assessing the role of the MAPK signalling cascades 
have been performed in cardiac myocytes and vascular 
smooth muscle. In cultured cardiac myocytes, MAPK 
signalling is stimulated by mechanical stretch (Yarnazaki 
et ai 1993, Yamazaki et ai 1995) and this may play a 
role in stretch-induced hypertrophy. Thus, relatively 
little is known of the regulation of these signalling 
cascades in skeletal muscle. 



Activator 


MAP kinase 


Cell system 


Reference 


Growth factors 


MEK, ERK 


Cardiomyocytcs 


Wang et ai. (1998) 


Growth hormone 


Ras/AfEK/ERK 


3T3-F442A cells 


Hodge etai (1998) 


Cytokine (1L-6) 


ERK pathway 


Multiple myeloma cells 


Ogata eta/. (1997) 




JNK 


UcpG2, porcine hepatocytes 


Kyriakis tt at (1994) 


fntegrins 


ERK pathway 


Murine NIH3T3 fibroblasts 


Schlaepfcr et at 








(1994) 


Changes in osmolality 


P 38 MAPK 


Murine pre-B cells transfected 


Han Hat (1994) 






with human CD 14 




Stretch 


JNK 


Cardiac myocytes 


Komurorfa/. (1996) 


Hypoxia 


MEK/f'RK/p90" k 


Cardiac myocytes 


Seko eta/. (1996) 


Heat shock 


JNK 


NIH3T3, HT-29 


Kyriakis eta/. (1994) 


G> i+ 


KRK/RSK2/CRF.B 


PCI 2 cells, hippo-campal 


Impey et at (1998) 






neurons 




Hydmxyl radicals 


Ras/Raf/ERK 


Cardiac myocy tes 


Aikawa et at (1997) 



Table 1 Exercise-induced factors 
that may stimulate MAPK signal 
transduction cascades 
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Extracellular signal-regulated kinase 

The ERK1 /2 signalling is the most characterized M A PK 
pathway in mammalian cells and is activated through 
many different receptor types such as the epidermal 
growth factor receptor, neural growth factor receptor or 
insulin receptor (Boulton et al. 1991, Seger et al. 1992). 
Additionally, activation of ERK1/2 occurs upon stimu- 
lation of G-protein-coupled receptors (Crcspo et aL 
1994), growth factors (Wang et al. 1998), hormones 
(Hodge et aL 1998), cytokines (Winston & Hunter 1996, 
Ogata et al. 1997), or integrins (Schlaepfer et al. 1994). 
Classical receptor tyrosine kinase activation of ERK1/2 
is initiated by receptor autophosphorylation on tyrosine 
residues, which promotes the formation of a Shc-Grb2 
complex, containing SH2- and SH3 domains (Skolnik 
et al. 1993). This complex associates with the guanine 
nucleotide exchange factor Sos at the plasma membrane 
and facilitates a conversion of the inactive GDP-Ras to 
the active GTP-Ras (Downward 1996). This leads to an 
activation of Ras and Raf (MEKK), which phosphory- 
lates the MAPK kinase (MEK1/2), the upstream kinase 
of ERK1/2 (Zheng & Guan 1993). In addition, ERK 
activation can occur through mechanisms involving 
activation of protein kinase C (PKC) (Schonwasser et al. 
1998). Several cytokine receptors also activate ERK1/2 
dirough the activation of JAK (Janus Kinases) (Stancato 
et al. 1997). Downstream cytosolic targets for ERK1/2 
include MAPK activated protein kinase (MAPKAPK) 1 
(also called p90 ribosomal S6 kinase; p90rsk) (Zhao et al. 
1996), and mitogen- and stress-activated protein kinases 
1 and 2 (MSK1/2) (Deak et aL 1998). 

Stress-activated protein kinases (JNK and p38) 

The kinases JNK and p38 MAPK are collectively known 
as stress-activated protein kinases because of their acti- 
vation by environmental stressors, including osmotic and 
heat shock (Galcheva -Gargova et al. 1994, Kyriakis et al. 
1994, Cuenda et aL 1997), stretch (Komuro et aL 1996), 
or inflammatory cytokines (Han et aL 1994, Kyriakis et aL 
1994). The upstream kinases, MEK3, MEK4 (SEK1), 
MEK6 and MEK7 (Jiang et al. 1997, Keesler et al. 1998, 
llu et al. 1999) phosphorylatc p38 MAPK on threonine 
and tyrosine residues at the sequence Thr-Gly-Tyr, 
resulting in p38 MAPK activation. The SEK1/MEK4 is 
a potent activator of SAPK1/JNK and SAPK2/p38 
MAPK in vitro and in vivo y and is highly expressed in 
skeletal muscle (Sanchez et aL 1994). Further upstream, 
the Rho family of low molecular weight GTP-binding 
proteins, Rac and Cdc42, are identified as potential 
regulators of the p38 MAPK pathway (Zhang et al. 1 995). 
Phosphorylatcd p38 MAPK activates downstream 
targets including MAPKAPK 2 (Rouse et aL 1994), and 
MSKl/2(Deak*/tf/. 1998). 

© 2001 Scandinavian Physiological Society 



Transcription factors activated Iry MAPK pathways 

In addition to cytoplasmic proteins, which after acti- 
vation undergo translocation to the nucleus, nuclear 
proteins can also be phosphorylated by MAPK (Chen 
et al. 1992). Putative nuclear targets include transcrip- 
tion factors, indicating the importance of MAPK in 
the regulation of transcriptional activity (Karin 1995). 
Transcription factors activated by ERK1/2, JNK and/ 
or p38 MAPK include cyclic AMP response clement 
binding protein (CREB), Rlk-1, activating transcrip- 
tion factor (A'JT) 1 and 2, myocyte enhance factor 2 
(MEF2) A and C, c-fos and c-jun (Kyriakis et aL 1994, 
Cavigelli et a L 1995, Gupta et aL 1995, Zhang et al. 
1995, Xing et aL 1996, Han et a L 1997). These trans- 
cription factors are involved in the control and 
induction of gene expression and arc usually induced 
very early in a variety of intra- and extracelhilar 
signals. 

'Yhe CREB binds to the cyclic AMP response 
element (CRE) and activates transcription in response 
to a variety of extracellular signals including cAMP, 
increased intracellular Ca** + , as well as several growth 
factors (Gonzalez & Montminy 1989, Sheng et al. 1991, 
Ginty et al. 1994, Kwok e t aL 1994). In neural cells, 
ERK signal transduction is necessary for Ca 4 *"*"- stimu- 
lated transcription, via a pathway that involves phos- 
phorylation and activation of CREB (Impey et aL 1 998). 
As muscle contraction is dependent upon Ca 2+ -release 
from the sarcoplasmic reticulum (SR), CREB may be an 
intracellular target that undergoes phosphorylation in 
response to exercise. 

Exercise-induced adaptations in skeletal muscle 

Signal transduction in contracting muscle may be 
altered by; (1) increased blood flow (Armstrong & 
Laughlin 1984) leading to increased delivery of 
hormonal factors to the muscle, which may activate 
receptor-mediated signalling (2) release of autocrine 
and paracrine factors from the contracting muscle 
(Stebbins et al. 1990, Perrone et al. 1995, O'Neill et aL 
1996), which might stimulate cell surface receptors and 
thereby activate the MAPK cascade (3) contraction 
per se. During and after physical activity and exercise, 
the internal milieu of the skeletal muscle will undergo 
changes, which will disturb the cellular homeostasis 
(Booth & Thomason 1991). Such molecular and cellular 
responses to exercise may transduce signals for adap- 
tations because of exercise training. Several factors, 
many of which are interdependent, have been pro- 
posed. These factors include: factors causing fatigue, 
such as ATP depletion (Shoubridge et al. 1985), reduced 
cross-bridge formation and Ca " cycling, decreased pH 
associated with lactate accumulation (Hcrmanscn & 
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Osncs 1972), glycogen depletion (Bcrgstrom et al. 
1967), and possibly impaired maximal oxygen flux 
(Fig. 2). Certain intramuscular consequences of exercise 
have been brought forward as possible regulators of 
training-induced adaptations: changes in intracellular 
[Ca 2+ ] (Byrd et ai. 1989, Sreter et al. 1987), elevated 
cAMP levels (Kraus et aL 1989), hypoxia (Terrados et al. 
1990), mechanical stretch (Holly ei al 1980), fibre 
recruitment pattern (Henriksson & Rcitman 1976), and 
possibly reactive oxygen species (ROS) and general 
substrate flux. 

Muscle damage/stress may also elicit signal trans- 
duction. Exercise-induced muscle damage, as deter- 
mined by myofibril disruption (Friden et ai 1981) or 
elevated serum concentrations of creatine kinase 
(Clarkson et aL 1986), is generally greater in eccentric 
vs. concentric exercise. Muscle damage in response to 
eccentric vs. concentric exercise may be attributed to 
different stress stimuli. Potentially, concentric-induced 
muscle damage is primarily because of metabolic stress, 
whereas eccentric-induced muscle damage is caused by 
fibre disruption that leads to metabolic stress factors. 
However, exercise responses arc unlikely because of 
one single mechanism, more likely they depend on the 
integration of multiple systemic and/or local factors. 
Nerves, cytokines, autocrine and paracrine substances, 
hormones, temperature, circulatory changes and fluid 
shirts within the muscle that alter the concentration of 
factors may be involved in the adaptation to exercise 
(Fig. 2). 

MA PK signal transduction in response to exercise 

Mitrogen -activated protein kinase signalling pathways 
have been implicated in the regulation of gene trans- 



Blood flow 

Hormones Systemic factors 




Local release of activity 
growth factors and 
cytokines 

Rgure 2 Proposed factors involved in exercise -induced adaptations 
in skeletal muscle. These factors arc of extra-, as well as intracellular 
origin. Exercise responses may be because of a combination of 
several of these factors, and do not depend on one single mechanism. 
CHO ~ carbohydrates, ROS - reactive oxygen species. 
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cription in numerous cell types (Kyriakis eta/. 1994, 
Cavigclli et aL 1995, Gupta et ai 1995, Xing et ai 1996). 
Importantly, recent evidence suggests that activation of 
MAPK signal- transduction cascade(s) regulate gene 
expression in response to exercise or muscle contrac- 
tion elicited by electrical stimulation in rat (Table 2) and 
human (Tabic 3) skeletal muscle. 

HRK1/2 MAPK 

In human skeletal muscle, exercise (acute cycling) leads 
to a profound increase in ERK1/2 phosphorylation 
(Aronson et al. 1997b, Widegren et aL 1998), with the 
greatest effect noted after 30 min of continuous cycling 
at 75% V0 2 ^ (Widegren el aL 1998). Exercise- 
induced MAPK phosphorylation is rapidly decreased 
upon cessation of exercise, and is completely restored 
to resting levels 60 min after exercise (Widegren et al. 
1998). This exercise-induced RRK1/2 phosphorylation 
cannot be attributed to an increase in total ERK1/2 
protein expression (Widegren et aL 1998). The MAPK 
signalling pathways are activated by different stress 
stimuli (Galchcva-Gargova et aL 1994, Kyriakis et al. 
1994), therefore the observed exercise-induced ERK1/ 
2 phosphorylation may represent a biopsy-sampling 
artifact. However, repeated biopsy sampling from 
different incisions does not alter ERK1/2 phosphory- 
lation, providing evidence that increased HRK1/2 
phosphorylation is a genuine exercise effect (Widegren 
et aL 1998). Nevertheless, ERK1/2 phosphorylation is 
increased in human skeletal muscle when two biopsies 
arc obtained from the same incision (Aronson et al. 
1998b). Thus, important care needs to be given to the 
biopsy sampling protocol when studying MAPK acti- 
vation in human muscle. 

The ERK1/2 phosphorylation is only observed in 
exercised muscle, providing support that local rather 
than systemic factors are mediating this effect (Aronson 
el aL 1997b, Widegren et al. 1998). Yet in one study, a 
measurable increase in ERK1/2 phosphorylation was 
not noted in exercising muscle until after 60 min of 
cycle ergometry (90% of the subjects anaerobic 
threshold, or workload corresponding to ~60% of 
V0 2 ni:lx ) (Osman et al. 2000). The lack of a measurable 
effect of exercise on ERK1/2 phosphorylation after 
30 min in the latter study may depend on different 
antibodies and assays used for analysis, different exer- 
cise protocols and/or differences in age and physical 
fitness (K^ max ) of the study participants. Exercise- 
effects on MAPK signalling are intensity dependent, as 
ERK1/2 phosphorylation is greater in high vs. low 
intensity exercise (Widegren et aL 2000). Overall, these 
findings support the hypothesis that ERK1/2 is 
involved in exercise-induced adaptations as low- 
intensity short-term (30 nun) exercise can adequately 
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increase ERK1/2 signalling (Aronson eta!. 1997b, 
Widcgren et aL 1998, 2000). 

The ERK1/2 phosphorylation in response to exer- 
cise/contraction appears to involve the Raf-1, MEK1 
signalling pathway in human (Aronson et aL 1997b, 
Widegren et aL 2000) and rat skeletal muscle (Sherwood 
et aL 1999). However, the upstream events in the exer- 
cise-induced signalling cascade remain elusive. In rat 
skeletal muscle, conventional and novel PKCs do not 
appear to be involved in contraction-induced ERK1/2 
phosphorylation (Hayashi et aL 1999, Ryder et aL 2000). 
Furthermore, contraction-induced MAPK signalling 
does not involve activation of receptor tyrosine kinases 
(Sherwood et aL 1999). Likewise, contraction-induced 
activation of ERK1/2 appears to be independent of IRS 
and She tyrosine phosphorylation and of formation of 
Shc/Grb2 or IRS1/Grb2 complexes (Sherwood et aL 
1999) providing evidence that activation of MAPK 
signalling by exercise/muscle contraction is not medi- 
ated via classical receptor tyrosine kinase pathways. 
Additionally, G r protein complexes are not involved as a 
link in the contraction-mediated ERK phosphorylation 
(J.R. Zierath and J.W. Ryder, unpublished observation). 

Effects of exercise on stress-activated protein kinases 

The effects of physical exercise in human subjects is 
not limited to the activation of the ERK signalling 
cascade, as activation of p38 MAPK and JNK has also 
been observed in human skeletal muscle (Aronson et aL 
T997b, Widegren et aL 199H). The p38 MAPK, together 
with JNK, are classified as stress-activated protein 
kinases. Recent evidence suggests that JNK and p38 
MAPK, and their upstream regulators, MEK4 and 
MEK6, are transiendy increased after prolonged 
strenuous physical activity (marathon running) 
(Boppart et aL 2000). These findings are important 
because they suggest stress- activated protein kinase 
cascades may be responsible for skeletal muscle adap- 
tation to strenuous exercise. 

p38 MAPK 

The p38 MAPK signal transduction can be mediated by 
four isoforms (a, /?, S, y) (Keesier et aL 1998, Hu et aL 
1999). The existence of these different isoforms is likely 
to give specificity in mediating down-stream biological 
responses induced by exercise. For example, p38y is 
highly expressed in human skeletal muscle and although 
it does not activate ATF-2 or MAPKAP-K2, it does 
phosphorylate myelin basic protein (Li et a L 1996). 
After marathon running, p38y phosphorylation has 
been reported to be elevated four- fold, whereas p38a 
phosphorylation and activity are not altered (Boppart 
et aL 2000). 

© 2001 Scandinavian Physiological Society 
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'I "he time-course for exercise-induceel p38 phospho- 
rylation has been determined in human skeletal muscle 
following one-leg cycle ergometry at ~70% V0 2 mav 
(Widegren et aL 1998). Exercise increased p38 MAPK 
phosphorylation after 30 min, with phosphorylation 
sustained at 60 min The magnitude of p38 phosphory- 
lation was less rhan observed for JvRKl /2. In contrast to 
ERK1/2, p38 MAPK phosphorylation was increased in 
non-exercised muscle upon cessation of exercise, 
suggesting p38 MAPK is mediated by both local and 
systemic factors associated with exercise. However, the 
nature of this circulating factor has yet to be identified. 

JNK 

Exercise also elicits an increase in JNK activity in 
human skeletal muscle (Aronson et al 1 998a, Boppart 
et aL 1999), with the greatest effect observed in 
response to eccentric exercise (Boppart et aL 1999). 
Injury-producing exercise induces several stimuli, 
including inflammatory cytokines (Fielding et aL 1993), 
which may act as a trigger to elicit responses via the 
stress-activated protein kinase cascades. Clearly, MAPK 
activation by exercise is likely to be dependent on the 
type of exercise and the extent of muscle injury. 
Interestingly, both JNK and ERK1/2 activity are 
increased in response to sciatic nerve stimulation of rat 
hind-limb muscles (Aronson et aL 1997a). However, the 
contraction response for these two kinases revealed 
differential time courses. This might indicate activation 
by different exercise-induced stimuli. 

Activation of downstream MAPK targets in response to exercise 

Several downstream substrates of MAPK have been 
identified (Brunet & Pouyssegur 1997), including MSK1 
and 2 peak et aL 1998), p90rsk, and MAPKAP-K2 
(Zhao et aL 1996, Stugiil et al. 1988). Recent studies have 
provided evidence to delineate the effects of exercise on 
these MAPK targets in skeletal muscle (Ryder et aL 2000, 
Krook et aL 2000b). 

MSK1 and MSK2 

In cultured cells MSK1 and 2 are directly activated by 
ERK 1/2 and p38 MAPK, as determined by in vitro and in 
vivo assays (Deak et aL 1998). Both MSK1 and MSK2 are 
downstream targets of the MAPK cascades that are 
activated in response to muscle contraction and exercise 
(Ryder et aL 2000, Krook et aL 2000b). Specific inhibitors 
of ERK and p38 MAPK signalling pathways (PD98059 
and SB203580, respectively) have been powerful tools to 
determine the downstream components of the MAPK 
signalling cascades in response to exercise/contraction 
(Ryder et aL 2000). In isolated muscle, PD98059 and 
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SB203580, independently and completely inhibited 
contraction-stimulated MSK1 activity (Ryder et ai. 2000). 
Thus, both ERK1/2 and p38 MAPK are required for 
contraction- mediated MSK1 activation. Tn human skel- 
etal muscle, exercise elicits a rapid increase in A1SK1 and 
MSK2 activity with peak activation observed after 
60 min (Krook et al 2000b). This activation is specific to 
exercised muscle, consistent with previous reports for 
HRK1/2 (Widegren et al 1998). Thus, MSK1 and MSK2 
are activated by local rather than systemic factors in 
response to exercise. As the pattern of exercise-induced 
activation of MSK1 and MSK2 (Krook et al 2000a) 
closely follows the activation pattern of ERK1/2, 
rather than p38 MAPK (Widegren et al 1998), exercise- 
mediated activation of MSK1 and MSK2 in human 
muscle is likely to occur primarily via an ERK1/2- 
dependent pathway. Activated MSK1 has been shown 
to phosphorylate histone 1 13/HMG-14 (Thomson et al 
1999), as well as the transcription factor CREB (Deak 
et al 1998), suggesting a role of this kinase in the 
regulation of gene expression. 

p90rsk and MAPKAPK2 

The effects of muscle contraction/exercise on p90rsk 
(Zhao etal 1996) and MAPKAPK2 (Cuenda et ai 
1995, Beyaert eta/. 1996) have also been determined 
(Goodyear et at 1996, Aronson el al. 1997b, Ryder et ai 
2000, Krook et ai 2000b). These enzymes are down- 
stream targets of ERK and p38 MAPK, respectively, 
and may act as mediators between signal transduction 
pathways and intranuclear events. In isolated rat epi- 
trochlcaris muscle, in vitro contraction-induced activation 
of p90rsk parallels ERK1/2 phosphorylation (Ryder 
et ai 2000). Inhibition of ERK by PD98059 completely 
abolished the effect of contraction on p90rsk activity 
(Ryder et ai 2000), suggesting muscle contraction 
induced p90rsk activity is ERK-dependent. Consistent 
with this observation, the exercise-induced activation of 
p90rsk (Krook et al 2000b) follows the phosphoryla- 
tion pattern of ERK 1/2 in human muscle (Widegren 
et al 1998). This finding is consistent with p90rsk as a 
downstream target of ERK1/2 (Ryder et al 2000). 

The MAPKAPK2 is a downstream target of p38 
MAPK (Cuenda et al 1995, Hazzalin et al 1996, Ryder 
et al 2000). In rat skeletal muscle, inhibition the p38 
MAPK pathway by SB203580 ablates contraction- 
induced MAPKAPK2 activity (Ryder et al 2000). 
Clearly inhibitor studies are not possible to perform in 
exercising humans. However, the finding that exercise 
increases MAPKAPK2 activity in human skeletal 
muscle (Krook et al 2000b) is consistent with a 
previous report using electrical stimulation of rat 
muscle (Ryder et al 2000). The finding of exercise- 
mediated activation of p90rsk and MAPKAPK2 
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activity in skeletal muscle offers support for the 
hypothesis that contraction-induced MAPK signalling 
increases transcriptional activity, as these kinases have 
been implicated in the phosphorylation of transcription 
factors (Cohen 1997). 

Exercise-induced signal transduction: implications 
for transcriptional responses 

Exercise has numerous growth and metabolic effects in 
skeletal muscle, including changes in glycogen meta- 
bolism, glucose and amino acid uptake, protein synthesis 
and gene transcription. However, the mechanisms by 
which exercise regulates intracellular signal transduction 
to the transcriptional machinery in the nucleus, thus 
modulating gene expression, arc largely unknown. 
Chronic increases in physical activity can lead to muscle 
hypertrophy and increased expression of numerous 
muscle proteins (Goldberg et al 1975, Booth & 
Thomason 1991, Ren et al 1994, Chibalin et a I 2000, 
Yu 2001). These activity-induced changes in muscle 
phenotype may be regulated partly by the induction of 
immediate-early genes including c-fos and c-jun (Michel 
etal 1994). Activation of JNK and ERK1/2 by 
contraction/exercise is also associated with rapid 
induction of c-jun and c-fos, as evidenced by increased 
mRNA levels (Aronson et al 1 997a, Aronson et al 
1998a, Boppart et al 1999). This supports the notion of 
the MAPK cascade as a possible upstream regulator of 
early response genes by contraction/exercise. Thus, 
exercise-inducing signals communicate with this regu- 
latory machinery through intracellular cascades, which 
leads to the activation of different transcription factors 
responsible for starting gene expression and protein 
synthesis (Fig. 3). 

CONCLUSION 

Mitogen-activatcd protein kinase cascades have been 
implicated as possible signalling mechanisms involved 
in the regulation of exercise-induced adaptations. A 
variety- of acute and chronic changes in the muscle 
phenotype occur in response to moderate exercise. 
Importantly, exercise is a powerful activator of MAPK 
cascades and several downstream enzymes. The 
profound exercise-induced increase in phosphorylation 
of ERK 1/2 is rapid and declines to basal levels after 
cessation of exercise. The exercise effect on ERK1 /2 is 
limited to working muscle, providing evidence for local 
rather than systemic factors mediating phosphorylation. 
Furthermore, exercise-mediates p38 MAPK phospho- 
rylation. This response might depend on systemic 
factors, as an increased phosphorylation can also be 
observed in non-exercising muscle. Exercise appears to 
favour ERK1/2 over p38 MAPK signalling, as exercise 
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Figure 3 iMitogen-activatcd protein kinase (MAPK) targets are 
activated in skeletal muscle in response to acute exercise or 
contractions. 

effects on p38 MAPK are less robust. However, the 
direct link between exercise and MAPK signalling is not 
fully defined. Specific inhibitors of ERK and p38 
MAPK may be useful in the future to determine 
whether MAPK signalling cascades are dirccdy 
involved in transcriptional regulation of important 
genes in skeletal muscle in response to exercise. 
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different effectors amongst which Raf, PI3K and RalGDS are the most 
characterized. However, the consequences of a quantitative modulation 
of Ras activity on downstream signaling pathways and how this can lead 
to various biological responses are still not fully understood. Thus, in 
order to investigate the molecular dynamics of Ras signaling network, 
we first studied Raf pathway induction. In vivo monitoring of Ras-Raf 
interaction by protein-fragment complementation assay as well as in 
vitro detection of activated Ras and ERK show that Raf pathway 
activation follows different kinetics according to the level of stimulus at 
the cell surface. We are now exploring other interactions of Ras 
signaling network in order to have a better understanding of how the 
regulation of signal transduction at a quantitative level can influence 
signaling specificity and lead to various responses at a qualitative level. 
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SMAD/Sp network regulates IGFBP-5 transcription 
Vincenzo Cesi, Fabiola Sesti, Barbara Tanno, Roberta Vital i, Maria 
Laura Giuffrida, Camillo Mancini, Giuseppe Raschella. Toxicology and 
Biomedical Sciences, Ente Nuove tecnologie Energia Ambiente 
(ENEA), via Anguillarese, 301, Rome, 00060 Italy 
The Insulin-like Growth Factor Binding Protein 5 (IGFBP-5) belongs to 
the family of the IGF Binding Proteins, which is involved in the 
modulation of IGFs binding ability to their receptor (IGF1R). Deletion 
analysis allowed us to highlight a proximal region of the promoter which 
is essential to IGFBP-5 transcription. Here we describe the players 
involved in this regulation by functional and binding assays. The TGF-P 
superfamily is formed by TGF-p and BMPs which exert different cell- 
type specific functions that are mediated by specific SMAD family 
members. The proximal region of IGFBP-5 promoter (-330 to -1) 
contains multiple putative core binding sites for transcription factors. 
Our experiments demonstrate the existence of two closely spaced 
binding sites for SMAD and Sp factors within this region. Using EMSA 
and DAP A techniques we isolated a 42 bp transcriptional unit (-173 to - 
132) which is a binding site for Sp factors and both TGF-p- and BMP- 
regulated SMADs. We characterized the Sp and SMAD family members 
that bind this transcriptional unit and other partners of the transcription 
complex. By differentiation experiments, we determined which factors 
are involved in the differentiation-driven IGFBP-5 upregulation. 
Functional assays demonstrated that recombinant proteins of the TGF-p 
superfamily and inhibitors of PI3K/AKT and p70 S6K modulate IGFBP-5 
transcription. 



377.5 

Gene Therapy: Medicine of the 21st Century 

Inder Verma. Laboratory of Genetics, The Salk Institute, 10010 North 
Torrey Pines Rd., La Joila, CA 92037 

Presently gene therapy is being contemplated for both genetic and 
acquired diseases, A variety of somatic tissues are being explored for 
the introduction of foreign genes with a view towards gene therapy. A 
prime requirement for successful gene therapy is the sustained 
expression of the therapeutic gene without any adverse effect on the 
recipient. A highly desirable delivery vehicle will be one that can be 
generated at high amounts, integrate in non-dividing cells and have little 
or no associated immune problems. We have generated vectors based 
on the AIDS virus that have the ability to introduce genes into both 
dividing and non-dividing cells. The vectors (lentiviral) also have an 
expanded host range and can introduce genes in a variety of cells. We 
have generated third generation of lentiviral packaging constructs that 
contain only the gag/pol, VSV G envelope and the sin vector. Thus our 
current lentiviral vectors are devoid of six viral genes, therefore we 
consider them to be safe vectors. Using third generation lentiviral 
vectors we can introduce genes directly into brain, liver, muscle, 
hematopoietic stem cells, retina, and a number of tumor cells. Our data 
shows that lentiviral vectors can not only efficiently deliver genes, but 
also have long term sustained production of the foreign protein. We 
have not observed any untoward immunological consequences due to the 
vector. 



377.6 

Plasma membrane phospholipid scramblase 1 promotes EGF- 
dependent activation of c-Src and potentiates signaling through 
EGFR and related growth factor receptors 

Meera Nanjundan, Jun Sun, Peter J. Sims, Therese Wiedmer. 
Department of Molecular and Experimental Medicine, The Scripps 
Research Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037 
Phospholipid scramblase 1 (PLSCR1) is a palmitoylated, endofacial 
membrane protein proposed to mediate transbi layer movement of 
plasma membrane PLs. PLSCR1 is a component of membrane lipid rafts 
and has been shown to both physically and functionally interact with 
EGFR. Cell stimulation by EGF results in Tyr phosphorylation of 
PLSCR1, its association with She and EGFR, and rapid cycling of 
PLSCR1 between plasma membrane and endosomal compartments. 
Consistent with its potential role in growth factor signaling pathways, 
granulocyte precursors from mice deficient in PLSCR1 show impaired 
proliferation and maturation under cytokine stimulation. Using 
PLSCR1-/- embryonic fibroblasts, we demonstrate that deletion of 
PLSCR1 from the plasma membrane reduces activation of c-Src by 
EGF, suggesting that PLSCR1 normally facilitates receptor-dependent 
activation of c-Src. We also show that upon EGF stimulation, PLSCR1 
is phosphorylated by c-Src, within the tandem repeat sequence 
68 VYNQPVYNQP 77 . In addition to attenuating c-Src activation, deletion 
of PLSCR1 was accompanied by diminished phosphorylation of 
signaling kinases including c-Src, Erk, and Akt. Attenuated 
phosphorylation in PLSCR1-/- cells was also observed in response to 
PDGF, suggesting that PLSCR1 serves as a common adapter that 
promotes downstream signaling through multiple growth factor 
receptors. Supported by NIH grant HL36946, HL63819, and HL61200. 
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Investigation of BMK1/ERK5 Mitogen Activated Protein (MAP) 
kinase signaling using a conditional knockout mouse model 
Jiing-Dwan Lee, Masaaki Hayashi. The Scripps Research Institute, 
10550 N. Torrey Pines Rd., La Jolla, CA 92037 

Our lab has identified BMK1/ERK5, a recently discovered mammalian 
MAP kinase, as a central mitogenic-signaling molecule. The 
physiological function of BMK1 pathway has been implicated in cell 
proliferation, cell differentiation and cell survival. On the other hand, 
the pathological role of this pathway has been implicated in 
carcignogenesis, cardiac hypertrophy and reperfusion ischemia. So far, 
knowledge of the mechanism of action and the role of BMK1 pathway 
has been mostly derived from in vitro cell-based experiments. Lately, 
two other labs have produced a traditional BMK1 knockout mouse 
model in which the BMK1 gene is deleted prior to conception resulting 
in embryonic lethality. This early death of the BMKl-null mutant 
precluded the functional study of BMK1 pathway in adult animals. In 
order to study BMKl's function in mature mice, .we report here the 
generation of a conditional knockout mouse model for the BMK1 gene 
in which the expression of the BMK1 gene is under the control of the 
Cre-Lox system. The mice with homozygous BMKl-floxed alleles 
developed normally with similar expression level of BMK1 protein 
compared with their wild-type littermates. By mating with transgenic 
mice carrying Cre recombinase, the deletion of the BMK1 gene in 
BMKl-floxed animals has been achieved in specific cell types and at 
specific time points. This experimental approach should allow us to 
define the function of BMK1 signaling pathway in animal development, 
physiology or behavior. 
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Profiling of Transcriptional Targets Through a Combinatorial 
Approach 

Wendy J. Freebern 1 , Cynthia M. Haggerty 1 , Markey C. McNutt 1 , 
James L. Smith 1 , Paul J. Hoover 1 , Idalia Montano 1 , Kevin Gardner. 
"Laboratory of Receptor Biology and Gene Expression, National Cancer 
Institute, NIH, 8717 Grovemont Circle, Bethesda, MD 20892-4605, 
laboratory of Pathology and Laboratory of Receptor Biology and Gene 
Expression, National Cancer Institute, NIH, Bethesda, MD 
Tightly controlled cellular processes from proliferation to apoptosis 
occur through complicated networks of transcriptional regulation. The 
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WIdmann, Christian, Spencer Gibson, Matthew B. Jarpe, and Gary L. Johnson. Mitogen-Activated Protein Kinase: 
Conservation of a Three-Kinase Module From Yeast to Human. Physiol Rev. 79: 143-180, 1999. — Mitogen-acuvated protein 
kinases (MAPK) are serine-threonine protein kinases that are activated by diverse stimuli ranging from cytokines, growth 
factors, neurotiansmitters, hormones, cellular stress, and cell adherence. Mitogen-acuvated protein kinases are expressed 
in all eukaryotic cells. The basic assembly of MAPK pathways is a three-component module conserved from yeast to 
humans. The MAPK module includes three kinases that establish a sequential activation pathway comprising a MAPK 
kinase kinase (MKKK), MAPK kinase (MKK), and MAPK Currently, there have been 14 MKKK, 7 MKK, and 12 MAPK 
identified in mammalian cells. The mammalian MAPK can be subdivided into five families: MAPK^, MAPI? 38 , MAPK? 1 *, 
MAPK erk3 ' 4 , and MAPK 61 * 5 . Each MAPK family has distinct biological functions. In Sacckaromyces cerevisiae, there are five' 
MAPK pathways involved in mating, cell wall remodelling, nutrient deprivation, and responses to stress stimuli such as 
osmolality changes. Component members of the yeast pathways have conserved counterparts in mammalian cells The 
number of different MKKK in MAPK modules allows for the diversity of inputs capable of activating MAPK pathways. In 
this review, we define all known MAPK module kinases from yeast to humans, what is known about their regulation, 
defined MAPK substrates, and the function of MAPK in cell physiology. 



I. INTRODUCTION: DISCOVERY THAT 

MITOGEN-ACTIVATED PROTEIN KINASE ERK 
IS REGULATED BY PHOSPHORYLATION ON 
THREONINE AND TYROSINE 

In the early 1980s, it was realized in several different 
cell types stimulated with growth factors including plate- 



let-derived growth factor (PDGF) and epidermal growth 
factor (EGF) that a predominant protein phosphorylated 
on tyrosine had a size of 42 kDa (59, 61). Proteins of 
the same size and behavior on two-dimensional gels were 
phosphorylated on tyrosine in response to phorbol esters 
(174), in virus-transformed cells (60), and in metaphase- 
arrested Xenopus laevis eggs (57). At the same time, ser- 
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in all eukaryotic cells. The basic assembly of MAPK pathways is a three-component module conserved from yeast to 
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MAPK* 1 ^ 4 , and MAPK 614 *. Each MAPK family has distinct biological functions. In Saccharomyces cerevisiae, there are five 
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osmolality changes. Component members of the yeast pathways have conserved counterparts in mammalian cells. The 
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on tyrosine had a size of 42 kDa (59, 61). Proteins of 
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phosphorylated on tyrosine in response to phorbol esters 
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arrested Xenopus laevis eggs (57). At the same time, ser- 
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ine- threonine protein kinases activated by the insulin re- 
ceptor tyrosine kinase were being characterized (7, 287, 
294). The hypothesis was considered that direct regula- 
tion by tyrosine phosphorylation catalyzed by the insulin 
receptor would regulate the activity of serine-threonine 
protein kinases (7, 287). Ray and Sturgill (287) demon- 
strated that a 42-kDa seririe-threonine protein kinase, re- 
ferred to as mitogen-activated protein kinase (MAPK), iso- 
lated from insulin-stimulated 3T3-L1 cells was phosphory- 
lated on both threonine and tyrosine. It was quickly 
realized that the 42-kDa MAPK characterized to be threo- 
nine and tyrosine phosphorylated in response to insulin 
was the same protein shown to be tyrosine phosphory- 
lated in response to other growth factors, phorbol esters, 
viral transformation, and metaphase arrest in Xenopus 
eggs (294). It was also demonstrated that phosphorylation 
of both the threonine and tyrosine was required for MAPK 
activation (294). 

The cDNA encoding MAPK was isolated by Boulton 
et al. (32) who renamed it ERK1 for extracellular signal- 
regulated kinase 1, because of the variety of extracellular 
signals that could stimulate its activity. The isolation of 
cDNA for ERK2 and ERK3 quickly followed (31). Align- 
ment of the ERK sequences showed they were closely 
related to the Saccharomyces cerevisiae protein kinases 
Fus3 and Kssl, demonstrating the close homology be- 
tween mammalian and yeast MAPK. 

Biochemical characterization and molecular cloning 
identified the upstream kinases in the MAPK erk module in 
mammalian cells (67). The work denned a conserved 
three-kinase module in mammals. The MAPK regulatory 
system is a three-kinase module that establishes a sequen- 
tial protein kinase activation pathway. 

In parallel, geneticists were identifying the compo- 
nent genes in yeast mating. The sterile (ste) genes in S. 
cerevisiae involved in pheromone-induced mating were 
ordered and cloned (136). Quickly, the related genes in 
Schizosaccharomyces pombe were identified and their 
protein products characterized (260). Cumulatively, this 
work identified a conserved three-component protein ki- 
nase module that included the MAPK Fus3 and Kssl in S. 
cerevisiae and Spkl in S. pombe. 

In this review, we detail the properties of the known 
MAPK modules. The expanding number of MAPK modules 
and their role in controlling complex cellular functions 
defines their importance in responsiveness of cells and 
organisms to their environment. 

II. MITOGEN-ACTIVATED PROTEIN KINASE 
PATHWAYS: ACTIVATION MODULES 
INVOLVING THREE KINASES 

Pathways involving MAPK are activated in response 
to an extraordinarily diverse array of stimuli. These stim- 
uli vary from growth factors and cytokines to irradiation, 



osmolarity, and the shear stress of fluid flowing over a 
cell. The basic assembly of MAPK pathways is a three- 
component module conserved from yeast to humans. The 
minimal MAPK module is composed of three kinases that 
establish a sequential activation pathway (Fig. 1). The 
first kinase of the three-component activation module is 
a MAPK kinase kinase (MKKK) (92). Specific MKKK have 
been shown to be activated either by phosphorylation by 
a MAPK kinase kinase kinase (MKKKK) or by interaction 
with a small GTP-binding protein of the Ras or Rho family. 
Other potential modes of activation include oligomeriza- 
tion and subcellular relocalization. The MKKK are serine/ 
threonine kinases that when activated phosphorylate and 
activate the next kinase in the module, a MAPK kinase 
(MKK) (315). The MKK are kinases that recognize and 
phosphorylate a Thr-X-Tyr motif in the activation loop 
of MAPK (109), defining MKK as dual-specificity kinases. 
Mitogen-activated protein kinases are the final kinase in 
the three-kinase module and phosphorylate substrates on 
serine and threonine residues. The vast majority of de- 
fined substrates for MAPK are transcription factors. How- 
ever, MAPK have the ability to phosphorylate many other 
substrates including other protein kinases, phospholi- 
pases, and cytoskeleton-associated proteins. 

Why have MAPK activation modules evolved having 
three kinases? The reason probably lies in the unique acti- 
vation properties of MAPK Mitogen-activated protein ki- 
nase must be phosphorylated on both a threonine and 



Activators 



Substrates 



MAPK pathway module 

fig. 1. Core module of a mitogen-activated protein kinase (MAPK) 
pathway is composed of 3 kinases [MAPK kinase kinase (MKKK), MAPK 
kinase (MKK), and MAPK] that are sequentially activated by phosphory- 
lation. 
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tyrosine for their activation, a dual phosphorylation cata- 
lyzed by a specific MKK The different MKK recognize a 
tertiary structure of specific MAPK and not simply a linear 
sequence surrounding the Thr-X-Tyr activation motif of 
MAPK As described in this review, very specific MKK 
and MAPK combinations are found in a MAPK module. 
Specific MKK appear to recognize the tertiary structure 
of different MAPK, effectively restricting their regulation 
of different MAPK subtypes. In contrast, MKKK are able 
to mix and match with different MKK-MAPK combina- 
tions. In mammalian cells, there are more known MKKK 
than MAPK The MKK represent the fewest members of 
the three-component MAPK modules. The completion of 
the human genome project will be required to define the 
exact number of kinases in each of these groups. The 
large number of MKKK allows for diversity of inputs from 
numerous stimuli to feed into specific MAPK pathways. 
Some kinases that appear to be MKKK may regulate path- 
ways not involving MAPK [such as regulation of the NFkB 
pathway by MEKK1 (139, 196, 233, 393)]. Thus the regula- 
tion of MAPK pathways at the level of MKKK may repre- 
sent branch points in regulation of signal pathways in 
some cases. 

Table 1 lists the members of the known MAPK three- 
component modules defined to date. Perusal of Table 1 
boggles the mind and clearly demonstrates that the cur- 
rent nomenclature, or more appropriately the lack of no- 
menclature, in the MAPK field poses a major problem of 
understanding the MAPK literature, especially for readers 
not familiar with the field In the present review, we de- 
cided to name a given component of a MAPK module 
according to its position in the pathway with the current 
name of the protein in superscript. For example, the yeast 
Stell MAPKkinase kinase will be described as MKKK 51611 . 
This notation should greatly facilitate the reading of this 
review, since it is not required to know the identity of 
each kinase to determine its position in a given MAPK 
pathway. 

To date, 14 MKKK, 7 MKK, and 12 MAPK have been 
identified in mammalian cells (Table 1). Dendogram analy- 
sis indicates that these kinases belong to different subfam- 
ilies (Fig. 2). Four subfamilies among the MKKK can cur- 
rently be defined. The Raf subfamily is the best character- 
ized and comprises MKKK Braf , MKKK Araf , and MKKK**. 
The MEK kinase (MEKK) subfamilly is made of the four 
MEKK (MKKK 111 ^ 1 " 4 ). MKKK askl and MKKK* 12 appear to 
form a third MKKK subfamily. The fourth group in the 
dendogram is more diverse and comprises MKKK" 151 , 
MKKK* rk , MKKKT*, MKKK** 1 , and the most distantly re- 
lated MKKK, MKKK 1105 . For the MKK, MKIT ekl and 
MKK mek2 are dosely elated as are MKK mkk3 and MKK mkk6 . 
The MAPK can be categorized into five subfamilies: the 
MAPK erkl/2 , the MAPK** 8 , the MAPK? 1 *, the MAPK erk5 , and 
the MAPK erk3/4 subfamilies. These MAPK give the name to 
the MAPK pathways that employ them (i.e., the MAPK 



pathways using the MAPK? 1 * are called the JNK MAPK 
pathways). This review focuses on the organization, regu- 
lation, and function of the different MAPK modules in 
eukaryotic cells. 

in. ACTIVATION OF MITOGEN- ACTIVATED 
PROTEIN KINASES: DUAL 
PHOSPHORYLATION OF THE 
ACTIVATION LOOP 

Mitogen-activated protein kinases are proline directed in 
that they only phosphorylate substrates that contain a proline 
in the P-l site (219). A general consensus for MAPK^ is 
Pro-X-Ser/Thr-Pro (6). The activity of MAPK is controlled by 
dual phosphorylation in an amino acid sequence known as 
the activation loop. The sequence Thr-X-Tyr in the activation 
loop, where X can be different amino acids among the MAPK, 
is the site for dual phosphorylation catalyzed by specific MKK 
(4). For MAPK 3 ^, the phosphorylation sites correspond to 
Thr-183 and TVr-185. Dual phosphorylation of these sites re- 
sults in a > 1,000-fold increase in specific activity of the 
MAPK 

The core three-dimensional structure of protein ki- 
nases, as resolved from the crystal structure of protein 
kinase A (PKA), is composed of two domains with the 
active site at the domain interface (177). Adenosine 5'- 
triphosphate binds in the active site cleft, and peptide 
substrate for some kinases has been shown to bind in a 
groove on the surface of the COOH-terminal domain of 
the active site (178). The phosphoreceptor amino acid 
(Ser, Thr, Tyr) of the substrate binds near the catalytic 
loop in this domain. A surface loop contiguous with this 
COOH-terminal domain is found in many protein kinases 
and encodes a phosphorylation site; this sequence is re- 
ferred to as the activation loop or lip. Threonine- 183 in 
MAPK erkl/2 is homologous to the phosphorylation site in 
the activation loop of other protein kinases (165). The 
tyrosine phosphorylation site in the activation loop of 
MAPK is unique. 

The recent crystal structure of active, dual-phosphor- 
ylated MAPK erk2 has been recently solved (40). Phosphory- 
lation of Thr-183 and TVr-185 in the activation loop causes 
the loop to refold and interact with surface arginine-bind- 
ing sites. The conformational changes in the activation 
loop and neighboring sequences result in activation of the 
kinase. 

An interesting property of the requirement for dual 
phosphorylation of the Thr-X-Tyr sequence is that substi- 
tution of the Thr and Tyr by acidic amino acids like gluta- 
mate do not result in constitutive activation. The charac- 
teristics of the activation loop and the dual phosphoryla- 
tion of the Thr and Tyr induce several conformational 
changes in the protein that cannot be mimicked by gluta- 
mates. For this reason, point mutations in MAPK do not 
activate their activity. The requirement for the P-Thr-X-P- 
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Nomenclature 



Reference 



Species 


Tvoe 


Current Names 


in This Review 


Homologs/Isoforms 


No. 














Saccharomyces cerevisiae 


MKKK 


STE11 


MKKK** 11 




45 




BCK1 


MKKK 1 "* 1 




200 






SSK2 


MKKK 33 ^ 




220 






SSK22 


MKKK 851122 




220 




MKK 


STE7 


MKK^" 7 




45 






MKK1 


MKK mkkl 




154 






MKK2 


MKK 1 "" 1 * 




154 






PBS2 


MKK phs2 




24 




MAPK 


FUS3 


MAPK**" 




84 






KSS1 


MAPK* 331 




63 






MPK1, SLT2, SLK2, BYC2 


MAPK™ pkI 




339 






SMK1 


MAPK 5 "* 1 




185 






HOG1 


MAPK* 0 * 1 




35 






YKLIGICT 


MAPK 3 " 11101 ' 1 




147 


Schyzosaccharomyces pombe 


MKKK 


Byr2 . 


MKKK 1 ^ 




359 






Wikl, Wakl, Wis4 


MKKK wikI 




313 






Winl 


MKKK wtnl 




299 




MKK 


Byrl 


MKK 1 ^ 1 




257 






Wisl 


MKK™ 1 




360 




MAPK 


Spkl 


MAPK* 1 * 1 




338 






Spml 


MA p K s r l 




395 






Styl, Spcl, Phhl 


MAPK 5 * 1 




171 






Pmkl, Spml 


MAPK 1 ™* 1 




337 


Candida albicans 


MKK 


CaSte7 


caMKK** 7 




314 




MAPK 


MKC1 


caMAPrT^ 1 




258 






ERK1 


caMAPK Tkl 




364 


Pusarium solani 


MAPK 


FsMAPK 


fsMAPK ninpk 




207 




Higher eukaryotes (mammals, birds, amphibians, andjishes) 








MKKK 


c-Raf, Raf-1, c-Raf-1 (187) 


MKKK"* 1 


hMKKK^ 


26 








rMKKK^ 


155 










xMKKK 1 "^ 1 


202 






Mos (276) 


MKKK™* 


hMKKK™ M 


363 










rMKKK™" 8 


346 










ggMKKK™* 


304 










xMKKK"™ 


102, 297 






MEKK1 (191) 


MKKK™" 1 


mMKKK nwkkl 


191 








rMKKK" wkkl 


385 






B-Raf, c-Rrail (343) 


MKKK*** 


hMKKK 1 ^ 


316 








mMKKK^ 


235 










ggMKKK^ 


39 










ccoMKKK 1 *^ a d 


91 










ccoMKKK** 1 * 0* 


91 






TAK1 (387) 


MKKK** 1 


mMKKK tokI . 


387 






A-Raf (379) 


MKKK A_raf 


hMKKK ATOf 


16, 198 








rMKKK A_nif 


156 






Tpl-2, Cot, Est (44,298) 




hMKKK^a 1 


8, 9, 243 








hMKKK**/? 1 


9 










mMKKK tplli 


268 










rMKKK^ 2 


273 






MEKK2 (20) 


MKKK nirkkl! 


mMKKK"^ 2 


20 






MEKK3 (20) 


MKKK 1 ™** 1 


hMKKK"^ 


86 








mMKKK 1 " 0 ^ 


20 






MUK, DLK, ZPK (137) 


MKKK™ k 


hMKKK™ uk 


288, 289 








mMKKK mok 


142 










rMKKK™ 1 * 


137 






SPRK, PTK-1, MLK-3 (286) 


MKKK sprk 


hMKKK 51 ^ 


106, 150 






MAPKKK5, ASK1 (149,357) 


MKKK askI 


hMKKK^ 1 


357 










mMKKK nskl 


336 






MEKK4, MTK1 (111) 


MKKK mrkk4 




330 








mMKKK nwkk4 a 


111 










mMKKK" ukk4 /3 


111 






MST, MLK2 (138) 


MKKK 111 ^ 


hMKKK™ 51 


79, 173 




MKK 


MKK1, MPK1, MEK, MEK1, ERK 




hMKK™* 1 ^ 


402 






activator kinase 1 
















hMKK™ kl /? c 


309 










itiMKK"^ ui 


66 










rMKr?" rkl 


78, 269, 378 
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Nomenclature Reference 
Species Type Current Names in This Review Homologs/Isoforms No. 



Higher eukaryotes (mammals, birds, amphibians, and fishes) (Continued) 

cgMKK™* 1 271 

ocMKK"** 1 10 

xMKK mckl 182 

MKK MKK2, MPK2, MEK2, ERK MKK™ rk2 hMKK 1 ™^ 402 

activator kinase 2 

mMKK™* 2 38 

rMKK 1 ™^ 269 r 377 

ccaMKK™^ 146 

MKK3, MPK3, SAPKK2 MKK"**' hMKK mkk:, 74 

mMKK 1 "^' 248 

MKK4, SEK1, SEK, MPK4, MKK™"" 4 hMKK™^ 4 74 

SAPKK1, JNKK 

mMKK tllkk4 300 

xMKK mkW a b 392 

xMKK™^ 4 /^ 392 

MEK5, MPK5 MKK rarkf ' hMKK mrkG 405 

rMKK" wk0 a 88 

rMKK™* 5 /? 88 

MKK6, MEK6, MPK6, SAPKK3, MKK™ kk(i hMKK mkk(i 322 

SSK3 

mMKK nikk11 68 

MKK7, JNKK2 MKK inkk7 hMKK"** 7 382 

mMKK^a 141 

MAPK ERK1, p44 MAPK, MBP kinase MAPK tTkl hMAPK rrkl 49, 270 

mMAPK^ 1 65, 70 

rMPAir kl 32 

ERK2, MAPK2, ERT1, p42 MAPK MAPK™^ hMAPK 1 ^ 118,270 

mMAPK^ 90 

rMAPK^ 31, 134 

xMAPK^ 120 

ERK3, p55 MAPK (rat), p97 MAPFC™* hMAPK^ 231,406 

MAPK (human) 

rMAPfT 1 " 31 

ERK4, MNK2, p63 MAPK MAPIC™ hMAPK crk4 118 

rMAPK crk4 107 

ERK5, BMK MAPK rrk5 h MAPrT^ 405 

JNK1, SAPK-1, p54y SAPK MAPK? 1 * 1 hMAPK* nkl al 123 

hMAPtf nkl a2 123 

hMAP^^l 123 

hMAPK fnkl ^2 123 

rMAPK? nkl a2 188 

ccaMAPK? nkl a2 132 

ccaMAPI? nkl ^2 132 

JNK2, p54a SAPK MAPK Jnkl! hMAPK^al 123 

hMAPB? nk2 a2 123, 169 

hMAPK?^! 123 

WVfAPK? 1 ^ 123 

rMAPff nkl! a2 188 

rMAPK jnk2 /?2 188 

ggMAPK Jnk2 al 157 

JNK3, p54/? SAPK MAPK jnk:5 hMAPK jnk:J al 123 

hMAPK jnk3 a2 123 

mMAPK^'al 228 

mMAPK jnkJ1 a2 228 

rMAPK? nk: *a2 188 

p38a, p38 MAPK, p38/HOGl, MAPK"^ hMAPK^a* 105, 197 

MPK2, SAPK-2, RK, RK/p38, p40, 

CSBP1, CSBP2, Mxi2, CRK1 

hMAPK^7? g 197 

hMAPK p:j8tf 7 g 397 

mMApK p:i8a 128 

xMAPK 1 * 58 " 295 

p380, p38-2 MAPK 1 '**' hMAPK^ 162, 323 

p38y, SAPK-3, ERK6 MAPK 1 ^ hMAPK 1 ^ 116,195 

rMAPK p:Wy 232 

p38<5, SAPK-4 MAPK 1 "^ hMAPK* 18 * 115, 358 

mMAPK 7 ^ 163 
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Species 



Type 



Current Names 



Nomenclature 
in This Review 



Homologs/Isoforms 



Reference 
No. 



Higher eukaryotes (others) 



Arabidopsis thaliana 



Avena sativa (oat) 
Caenorhabditis elegans 



Dictyostelium discoideum 
Drosophila melanog aster 



Entamoeba histolytica 
Leishmania mexicana 
Medicago sativa (alfalfa) 



Nicotiana tabaeum 
(tobacco) 



Petroselinum cri spurn 

(parsley) 
Petunia hybrida 
Pisum sativum (pea) 



MKKK 


ATMEKK1 


atMKKK™ kkl 


246 




ANP1 


atMKKK anpl a h 


264 






atMKKK 00111 /? 11 


264 




ANP2 


atMKKK mtpl! 


264 




ANP3 


atMKKK^' 


264 


MAPK 


ATMPK1 


a£MAPK napkl 


244 




ATMPK2 


atMAPK nipk2 


244 




ATMPK3 


atMAPK lipk:i 


245 




ATMPK4 


atMAPJC 1 ^ 


245 




ATMPK5 


atMAPK mpkG 


245 




ATMPK6 


atMAPK npW 


245 




ATMPK7 


atMAPK n ' pk? 


245 


MAPK 


Aspk9, AsMAPl 


asMAPK aspkl) 


148 


MKKK 


Iin-45 


cMKKK?" 45 (328) 


129 


Ksr-1 


cMKKK ksrl 








CELR03G5 f 


cMKKK*** 5 


373 


MKK 


MEK-2 




181, 381 


MAPK 


Sur-1, Mpk-1 


cMAPK^ 1 


189, 380 




CELC04G6 f 


cMAPK** 0 


373 




CELB0478 f 


cMAPK** 78 


373 




CELB0218 f 


cMAPK** 18 


373 


MKK 


DdMEKl 


ddMKK nwkl 


216 


MAPK 


DdERKl 


ddMAPK*^ 1 


110 


MKKK 


Draf-1 


dMKK^ 


263 


MKK 


Hep 


dMKK htrp 


114 




Dsorl 


dMKKK 130 * 


341 




D-MKK3 


dMKK mkk: i 


130 




D-MKK4 


dMKK" lkk4 


130 


MAPK 


DJNK 


dMAPK^ 


292 




DmERK-A 


dMAP^" 11 " 1 


19 




Dp38a 


dMAPK p:j8a 


126 




Dp38b 


dMAPK 1 ^ 


130 


MKKK 




chMKKK™ 03 


212 


MAPK 


LMPK 


lraMAPK inipk 


370 


MAPK 


MMK1, MsERKl, MsK7 


msMAPK 1 ""* 1 


81, 168 




MMK2 


msMAPK" 1 "^ 


167 




MMK4 


msMAPK™* 4 


166 


MKKK 


NPK1 


ntMK npkl 


12 


MKK 


NPK2 


ntMKK npk2 


311 


MAPK 


Ntf3 


ntMAPK" 1 " 


372 




Ntf4 


ntMAPK^ 4 


371 




Ntf6 


ntMAPK 11 ^ 


371 




Wipkm, DS22 


ntMAPK wipk 


310 




SIP kinase 


ntMAPK sipk 


399 


MAPK 


ERMK 


pcMAPK™ k 


208 


MAPK 


PMEK1 


phMAPK 1 ™* 1 


70 


MAPK 


D5, PsMAPK 


psMAPK* 


320 



We have not included proteins whose sequences have not been published, even if they can be found in protein databases, as, Oat (Avena 
sativa); at, Arabidopsis thaliana; c, Caenorhabditis elegans; ca, Candida albicans; cca, carp (Cyprinus carpio); ceo, quail (Coturmx coturmx); 
cd, hamster (Cricetulus griseus); d, Drosophila melanogaster; dd, Dictyostelim discoideum; eh, Entamoeba histolytica; fs, Pusarium solani; gg, 
chicken (GaUus gaUus); h, human (Homo sapiens); Ira, Leishmania mexicana; ms, alfalfa (Medicago sativa); nt, tobacco (Nicotiana tabaeum); 
oc, rabbit (oryctolagus cunnicvlus); pc, parsley (Petroselinum crispum); ph, Petunia hybrida; ps, pea (Pisum sativum); r, rat (Rattus norvegicus). 
a hMKKK^a is the 58-kDa form, and hMKKK** 112 /? is the 52-kDa form (9). h xMKK^a is the 446-ainino acids form, and xMKK 11 ^/? is the 457- 
amino acids form (392). c hMKK™ kl a is the 394-amino acids form (402), and hMKK™* 1 /? is the 367-amino acids form (309). d ccoMKKK** 1 * a is the 
767-amino acid form, and ccoMKKK^ /3 is the 807-amino acids form (91). References in higher eukaryotes (mammals, birds, amphibians, and 
fishes) section demonstrate that a given kinase is a MKKK, that is a kinase able to phosphorylate MKK. c YKL161c is a putative S. cerevisiae MKKK 
based on sequence homology (147). f Based on sequence homology, C. elegans locus CELC04G6 and CELR03G5 encode putative MAPK and MKKK, 
respectively (373). « hMAPK* 58 " a corresponds to CSBP1 allele, hMAPK^/ffto CSBP2 allele, andhMAPK 1 ^' y to Mxi2 allele (197,397). h atMKKK mpl a 
and atMKKK 2 " 111 /? correspond to long splice variant (ANP1L) and to short splice variant (ANP1S), respectively (264). 
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- JNK2 
-JNK3 

- JNK1 



-p3S« 



-p3S6 



-MEK1 



ASK1 

— Tpl-2 

— MEKK4 
-MEKIO 
-MEKK2 

— MEKK1 



— MST 
SPRK 

— MUK 

— TAK1 
«s 

— B-raf 
A-raf 

— rafl 



MAPKs 



MKKs 



MKKKs 



fig. 2. Phylo genetic trees of mammalian MAPK, MKK, and MKKK family members. Dendrograms were created 
with CLUSTAL X program (334) using human sequences when available or mouse sequences otherwise (see Table 1). 



Tyr regulation of MAPK activity has been proposed as 
why MAPK have never been identified as oncogenes (40), 
as could be expected from proteins regulating cell growth 

IV. YEAST MITOGEN-ACTIVATED PROTEIN 
KINASE PATHWAYS 

Yeast probably represents the experimental model 
where the organization and regulation of MAPK pathways 
are best understood. Presently, five MAPK pathways have 
been well characterized in S. cerevisiae: the haploid mat- 
ing pathway, invasive growth, cell wall remodeling, and 
two pathways involved in stress responses such as hyper- 
osinolarity These five MAPK pathways are discussed in 
detail in section iv. An important concept on MAPK path- 
ways that has emerged from yeast studies is that the ki- 
nases employed in MAPK pathways are organized into 
modules. As discussed in section ivA, this is achieved by 
tethering to scaffold proteins as well as by direct interac- 
tion between the different kinases of the module. Organi- 
zation into modules ensures segregation of the pathways 
from other signaling events in the cells and also allows 
the use of a given component kinase in more than one 
MAPK module without affecting the specificity of the re- 
sponse mediated by the MAPK pathways. 

A. Organization of MAPK Modules 

Genetic and biochemical studies in yeast have dem- 
onstrated that specific MKKK-MKK-MAPK signaling 



modules are functionally segregated from one another 
(98). In the budding yeast, S. cerevisiae, the three com- 
ponent MAPK modules are assembled either by tethering 
to scaffolding proteins such as Ste5 or by binding do-, 
mains encoded in the kinases themselves. Ste5 is a 110- 
kDa dimeric protein that is capable of binding the three- 
kinase components of the pheromone-regulated mating 
MAPK pathway, MKKK stel \ MKK ste7 , and MAPK^ 3 . This 
ensures that this particular module is coordinately regu- 
lated and segregated from other signaling pathways. 
Tethering and segregation of MAPK modules may in fact 
be vital for MAPK pathways to function properly (217). 
Mitogen-activated protein kinase module kinases may 
have high affinity for each other in the absence of a 
tethering protein like Ste5. For example, MKKK^ 3 and 
MKK 5167 have an ~5 nM dissociation constant binding 
affinity, indicating they could have significant interac- 
tion in the the absence of Ste5 (13). Similarly, MKK pbs2 
has the ability to bind several different MKKK involved 
in osmoregulation (see sect. ivF). The complexity of reg- 
ulation of MAPK pathways is further exemplified by the 
fact that some kinases participate in more than one 
MAPK module. For example, MKKK steU functions in the 
MAPK pathways for mating, pseudohyphal development, 
and osmoregulation. However, because of differential 
upstream inputs from MKKKK, GTP-binding proteins, 
and the assembly of three kinases into modules, there 
is generally little if any cross talk between the different 
MAPK pathways in S. cerevisiae. 
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B. Role of MAPK Modules in Yeast 

Yeast may exist either as haploid or diploid cells. The 
haploid cells have two sexual phenotypes characterized 
by the expression of a set of genes involved in mating 
that are not expressed in diploids. The mating response 
to generate diploids is controlled by the a and a-phero- 
mones that bind to their -respective receptors that are 
coupled to aheterotrimeric G protein. Pheromone binding 
to its receptor leads to G protein activation and the disso- 
ciation of the /3y-subunit complex from a-GTP. In budding 
yeast, the /3y-complex binds to Ste5 and by a process 
still poorly understood stimulates activation of the mating 
MAPK pathway. In addition to mating, yeast respond to 
their environment with metabolic changes that involve 
MAPK pathways. For example, in response to starvation, 
yeast undergo dramatic morphological changes involving 
pseudohyphal formation and invasiveness in an attempt 
to find nutrients that are controlled in part by a MAPK 
pathway. Yeast adapt to additional adverse environmental 
conditions such as high or low osmolarity by activation 
of specific MAPK pathways. Thus many aspects of yeast 
physiology controlling their response to environmental 
cues are, at least in part, regulated by MAPK pathways 
(136). Knowledge of the entire genome sequence for the 
budding yeast S. cerevisiae has defined the number of 
protein kinases in the organism (147). Relative to MAPK 
modules, it appears that the S. cerevisiae genome encodes 
four MKKK, four MKK, and six MAPK (Table 1). Among 
the six different MAPK present in S. cerevisiae (147), only 
two cannot be attributed to one of the five well-character- 
ized MAPK pathways: MAPK 511 * 1 , which is involved in 
spore wall assembly, and the putative MAPK** 1 ' 1610 identi- 
fied by genome sequencing. MAPK 511 * 1 and MAPK™* 1610 
may be involved in as yet undefined MAPK pathways. 
MA p K YKLieic has a k-X-Y motif in its activation loop distin- 
guishing it from other MAPK. 

C. Mating Pathways in Haploid Yeast 

The best-defined yeast MAPK pathway in S. cerevisae 
is involved in the mating of haploid cells (21, 58, 89, 305) 
(Fig. 3). The two haploid cell types (a and a) of S. cerevis- 
iae, upon binding the sexual pheromone secreted by the 
opposite cell type (a-factor and a-factor), stop growing 
and differentiate into mating-competent cells by inducing 
transcription of mating genes. The S. cerevisiae genes 
whose disruption inhibited mating and caused sterility 
were designated as sterile (ste) genes. The seven trans- 
membrane receptors for the a- and a-factors are desig- 
nated as Ste2 and Ste3, respectively, and are coupled to 
a heterotrimeric G protein. Pheromone activation of the 
G protein induces the dissociation of the heterotrimeric 
G protein subunits designated Gpal (a-subunit), Ste4 (fi- 
subunit), and Stel8 (y-subunit). The released /3y-subunit 
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fig. 3. Saccharomyces cerevisiae MAPK pathway used for mating. 
Note that Ste5 is a scaffolding protein that is able to bind to Ste4, 
MKKK 3 * 11 , MKK 9 * 7 , and MAPK^. 



complex (Ste4/Stel8) activates Ste20 and interacts with 
the scaffolding protein Ste5, resulting in the stimulation 
of the MAPK module MKKK rtell /MKK ste7 /MAPI^ Us3 . It 
should be noted that involvement of Ste20 in the activa- 
tion of the mating MAPK pathway is still debated, since 
it has not yet been unequivocally proven that Ste20 phos- 
phorylates and activates MKKK* 611 . Activated MAPK* 153 
regulates the activity of transcription factors required for 
the expression of components of the mating pathway it- 
self and genes necessary for cell cycle arrest and cell 
fusion (136). 

It was initially thought that MAPK* 153 and MAPK* 381 
were redundant kinases in the mating response, because 
genetic experiments indicated that expression of one pro- 
tein could complement the mating defect induced by the 
absence of the other. This notion was widely accepted in 
the MAPK field even though a number of observations 
indicated that MAPK* 153 and MAPK* 551 were differently reg- 
ulated and were in fact components of different signaling 
pathways. First, MAPK* 153 and MAPK* 331 are not activated 
by the same stimuli. MAPK* 133 activity is very low, whereas 
MAPK* 531 exhibits high activity, in the absence of mating 
pheromones. Conversely, in presence of pheromones, 
MAPK* 153 is strongly activated but MAPK 11551 only weakly 
if at all (13, 85). Second, MAPK* 133 is expressed only in 
haploid cells, whereas MAPK 1 ^ 1 is expressed both in hap- 
loid and diploid cells, indicating that these two MAPK 
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have different functions. Third, MAPK* 133 and MAPK* 551 
have different substrate targets (259). With regard to sub- 
strate recognition, it has been shown that MAPK* 153 , but 
not MAPI? 531 , phosphoryiates Farl (85, 275) that re- 
presses the transcription of the G t cyclins Clnl and Cln2 
(83), leading to cell cycle arrest that is a feature associated 
with mating. Cumulatively, these studies suggested that 
MAPK* 153 is the MAPK involved in mating, whereas 
MAPKfc* 1 j s not rj^g was confirrned recently with experi- 
ments showing that the expression of a kinase inactive 
mutant of MAPK* 153 in a MAPK* 133 null background ham- 
pered the ability of MAPK* 531 to fulfill mating MAPK func- 
tions (217). The findings indicated that MAPK* 551 cannot 
activate the mating MAPK pathway in wild-type cells be- 
cause it is excluded from this pathway by MAPK* 133 . Only 
in null mutants lacking MAPK* 153 can MAPK* 551 substitute 
for MAPK* 153 in the mating pathway, explaining the earlier 
results that suggested redundancy between the two 
MAPK. Thus MAPK* 153 has an additional function that is 
to segregate the mating MAPK pathway from imposter 
proteins, in this case MAPK* 551 , that are normally involved 
in other signaling pathways. Segregation of the MAPK 
module involved in mating is further achieved by Ste5, 
the scaffold molecule which has no apparent enzymatic 
activity itself. Different domains of Ste5 bind, in the two- 
hybrid system, to MKKK 3 * 611 and MAPK* 133 (53, 151, 184, 
226, 280) as well as to Ste4 (G protein ^-subunit) (365) 
and is predicted to couple the /3y-complex (Ste4/Stel8) 
to activation of the MAPK mating pathway (Pig. 3). 

The NHg-terminal portion of Ste5 (residues 177-229) 
contains a cysteine-rich region that is the prototype for 
the RING-H2 motif. Proteins of the zinc RING family pos- 
sess two fingerlike domains connected by a linking region 
and require zinc for folding (18, 29). Crystal structures 
indicate that RING domains are globular pseudosymmet- 
ric folds that coordinate two zinc atoms through a cross- 
bridging element (14, 28). When this structure is mutated, 
the corresponding Ste5 mutants are unable to comple- 
ment the mating defect of yeast strains lacking Ste5 
(ste5A cells) (152). The RING-H2 mutants, while being 
able to bind MKKK** 11 , MKK 5167 , and MAPK* 153 as effi- 
ciently as the wild-type protein, were not capable of bind- 
ing Ste4. Moreover, the RING-H2 mutants could not dimer- 
ize (152). When the Schistosoma japonicum glutathione 
S-transferase protein, known to form stable dimers (230, 
349), was fused to the COOH terminus of the RING-H2 
Ste5 mutants, the resulting protein could complement the 
mating defect of ste5A cells but could not associate with 
Ste4. Oligomerization of Ste5 is, however, not sufficient 
to transduce the mating signal, since wild-type Ste5 fused 
to the S. japonicum glutathione 5-transferase was able to 
complement steSA cells but not ste4A ste5A cells (152). 
The conclusion of these studies is that the RING-H2 do- 
main has inhibitory functions that can be alleviated by 
Ste4. Once the inhibitory role of the RING-H2 domain is 
suppressed, it oligomerizes, leading to the activation of 



the MAPK mating module, possibly by allowing Ste20 to 
phosphorylate MKKK 5 * 611 . It is presently unclear if 
MKKK 3 * 611 phosphorylation is the primary regulatory event 
that controls its activity, even though it is a substrate for 
Ste20. 

Stimulation of the MAPK mating pathway leads to 
the activation or repression of the activity of a variety of 
proteins. For example, Farl phosphorylated by MAPK* 153 
binds to and inactivates the cell division control (Cdc)28/ 
Cln kinase complex and thus inhibits cell growth. Phos- 
phorylation of Farl is critical, since a mutant allele of 
Farl that is not fully phosphorylated is unable to mediate 
pheromone-induced cell cycle arrest (275). Stel2, a tran- 
scription factor mediating the induction of pheromone- 
response genes, is also phosphorylated by MAPK* 133 (85). 
One of the functions of Stel2 is to induce Farl transcrip- 
tion (266). Thus MAPK* 153 regulates Farl in two comple- 
mentary ways: a direct phosphorylation-dependent activa- 
tion and an increase in transcription through activation 
ofStel2. 

Yeast cells that are ready to undergo mating must 
make sure that they do not grow, and this is achieved in 
part by the MAPK* 153 phosphorylation and activation of 
Farl. Similarly, cells undergoing cell division should not 
be responsive to pheromones. Interestingly, the Gl cyclins 
that are inhibited by Farl in mating competent cells are 
themselves inhibitors of the mating pathways in dividing 
cells. It has indeed been shown that Cln2 represses the 
mating MAPK pathway, and this inhibition takes place at 
the level of MKKK 51 * 11 (362). There are other examples 
demonstrating the reciprocal actions of the mating MAPK 
pathway and cyclin-dependent kinases. For example, the 
rat glucocorticoid receptor ectopically expressed in S, 
cerevisiae is phosphorylated by cyclin-dependent kinases 
and MAPK at distinct sites. Glucocorticoid receptor-de- 
pendent transcriptional enhancement is reduced in a yeast 
strain deficient in cyclin-dependent kinases but is in- 
creased in a strain devoid of MAPK* 133 (186). 

In the fission yeast S. pombe, mating involves a MAPK 
module containing homologs of the S. cerevisiae MAPK 
mating pathway (MKKK byr2 is homologous to MKKK 51 * 11 , 
MKK*^ 1 to MKK 31 * 7 , and MAPK 31 * 1 to MAPK* 133 ) (89) (Fig. 
4). The S. pombe and S. cerevisiae mating pathways are 
controlled by different upstream regulators. First, in the 
budding yeast, the Gpy complex transmits the signal, 
whereas in S. pombe, it is the Ga subunit that transmits 
the signal. Second, although haploid budding yeast ex- 
press the genes required for the pheromone response in 
all nutritional conditions, differentiation of fission yeast 
into mating competent cells is strictly dependent on nutri- 
tional starvation. The S. pombe Ras homolog Rasl plays 
a role in the starvation-dependent control of the mating 
pathway, possibly in a Ga-independent manner (384). In 
response to mating pheromones, mutants defective in 
Rasl or in Ste6, the fission yeast homolog of the Ras GDP/ 
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fig. 4. Schizosaccharomyces pombe MAPK pathway used for 
mating. 



GTP exchange factor, are unable to induce transcription 
of the matl-Pm gene that controls entry into meiosis 
(262). Rasl may be directly linked to the S. pombe MAPK 
module involved in mating as suggested by the observa- 
tion that Rasl can bind MKKK** 5 * 2 in a two-hybrid assay 
(48, 344). Interestingly, a Ste5 equivalent has not been 
denned in S. pombe, nor is there evidence that phosphory- 
lation of MKKK** 12 by a Ste20 homolog is required. Current 
evidence argues that GTP-binding proteins regulate 

MKKK byr2 activity 

D. Invasive Pathways: Pseudohyphal Pathway of 
Diploids and Invasive Growth of Haploids 

In response to nitrogen starvation, diploid S. cerevis- 
iae activate an intracellular pathway that will eventually 
lead to profound morphological changes. When starved 
for nitrogen, the elliptical diploid yeast undergo an asym- 
metric cell division to produce a long thin daughter cell 
that will keep producing long daughter cells. Because the 
mother and daughter cells remain attached, reiteration of 
this unipolar division pattern produces filaments com- 
posed of a linear chain of elongated cells called a pseu- 
dohypha The mother yeast produce colonies on the sur- 
face of an agar plate, whereas the pseudohypha invades 
the agar (112, 113). Haploid cells can also invade the agar 



and grow beneath the surface. The response of haploids 
is not as dependent on nutritional starvation as the pseu- 
dohyphal development of diploid cells. In particular, nitro- 
gen limitation seems to play no role in the invasive growth 
response of haploids (293). A MAPK module consisting 
of MKKK* 611 , MKK* 67 , and MAPK 1 " 91 can transduce the 
signals leading to invasive growth (Fig. 5). Mitogen-acti- 
vated protein kinase kssl was initially thought to play no 
role in invasiveness because diploid mutants lacking 
MAPK 1 " 31 had a normal pseudohyphal response (136). 
However, with the use of strains bearing hypermorphic 
alleles of MKKK 3 * 611 and MKK* 67 to increase filamentous 
growth, it was shown that the absence of MAPK 1 * 531 
blocked hyperfilamentation, as well as the enhancement 
of the activity of promoters containing filamentation and 
invasion response elements. The kinase activity of 
MAPK 1 " 151 is required for filamentous growth, both in hap-, 
loids and diploids, because removal of MAPKK 3 ** 7 , the 
upstream regulator of MAPK 10531 , or point mutations im- 
pairing the catalytic activity of MAPK* 531 result in severe 
filamentation defects (121, 217). If MAPK 11351 is required 
for a normal invasive response, how is it that MAPK 1 " 531 
knockout mutants have no pseudohyphal defect? Hie pos- 
tulated answer is that MAPK 1 " 331 also has an inhibitory 
function in the invasive response and that there are 
MAPK-indep endent signaling pathways mediating inva- 
siveness (121, 217). In the absence of MAPK 11531 , the MAPK- 
independent pathways can stimulate the invasive growth 
because they are not hampered by the inhibitory function 
of MAPK 1 * 531 . It has been possible to genetically separate 
the inhibitory and stimulatory functions of MAPK 1 " 51 on 
pseudohyphal development. There are mutants of 
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fig. 5. Saccharomyces cerevisiae MAPK pathway used during inva- 
sive responses. 



MAPK MODULES 153 



Jwmxmy 1000 

MAPK 1 * 531 that have lost their inhibitory function that when 
expressed lead to hyperfilamentation in a MAPI? 531 null 
background (217). In contrast, in the situation where 
MAPK 1 * 31 cannot be activated (i.e., when MAPKK 5 ^ 7 is 
absent), fomentation is drastically reduced because 
MAPK 11331 , while unable to activate filamentation since this 
requires the stimulation of its catalytic activity, retains 
its negative function (121, 217). This also shows that the 
inhibitory function of MAPK^ 31 does not require its cata- 
lytic activity. When not activated by MKK 5167 , MAPK^ 1 is 
thus an inhibitor or silencer of the invasive growth re- 
sponse. In contrast, when MAPK 1 " 331 is activated by 
MKK 5 ^ 7 , it stimulates invasive growth, and this response 
depends on an intact kinase activity. The negative func- 
tion of MAPI? 331 is mediated by its interaction with its 
target Stel2. MAPK** 1 interacts with Stel2 predominantly 
in its inactive state. This interaction inhibits the activity 
of Stel2. Once MAPK 1 " 331 is activated, it no longer binds 
and inhibits Stel2; rather, active MAPK 1 " 331 phosphorylates 
and activates Stel2, leading to activation of genes under 
the control of promoters containing filamentation and in- 
vasion response elements (217). 

Invasiveness is more pronounced in the absence of 
MAPK* 153 (either in mutant haploids cells or in diploids 
that do not express MAPK* 133 ) (121, 293), indicating that 
MAPK^ 133 functions as a repressor of the invasive growth 
response. Thus, when activated, MAPK* 133 and MAPK* 331 
have opposite functions in invasive growth. Possibly, one 
role of the MAPK pathway employing MAPK* 133 is to sup- 
press invasive growth in haploid cells to facilitate their 
entry into the mating program where the cells must stop 
growing. In such a scenario, in the presence of phero- 
mones, the inhibitory activity of MAPK* 133 on invasive 
growth would be greater than the stimulatory activity of 
MAPK 1 " 331 . This is consistent with the fact that pheromones 
activate MAPK* 153 much more strongly than MAPK* 551 (13, 
85). Clearly, the balance of these kinase activities, both 
regulated by MKK 3 * 67 , will play a role in determining 
whether a cell will exhibit an invasive response. 

The exact role of the MKKK 3tell /MKK st67 /MAPK kssl 
module in the control of invasive growth is still incom- 
pletely understood The need for a better understanding 
of invasive growth becomes obvious when it is considered 
that removal of all the components of the MKKK stel V 
MKK^/MAPK 11331 module does not markedly affect the 
invasive growth response (121). Thus, even though ge- 
netic studies show invasive growth can be strongly af- 
fected by mutants in the MKKK 3tell /MKK ste7 /MAPK k3Sl 
module, the pathway itself is not required. This shows 
that filamentation and invasion response elements are un- 
der the control of alternative regulatory pathways in the 
absence of a functional MKK^^/MKK^^/MAPK 1 " 31 path- 
way. Such pathways may involve Ras, since it has been 
shown that activated forms of Ras potentitate the invasive 
growth response (113, 121, 250). 



E. Cell Wall Remodeling Pathway 



In yeast, growth depends on efficient cell wall remod- 
eling, and this response also uses a MAPK pathway (Fig. 
6). In the budding yeast, the MAPK module is composed 
of MKKK* ckl , MKIT^ 1 or MKK^, and MAPK™ 1 * 1 . The 
biological relevance of having two seemingly redundant 
MKK in the cell wall remodeling pathway is unclear. The 
upstream regulator of the MAPK module of the cell wall 
remodeling pathway is the yeast homolog of mammalian 
protein kinase C (PKC), PKC1, which could function as a 
MKKKK for this pathway although it has not been proven 
biochemically that PKC1 can directly phosphorylate and 
activate MKKK bckl . Mutants lacking PKC1, MKKK bckl , or 
MAPK mpkl lyse under isotonic conditions because of a 
deficiency in cell wall construction (154, 199, 206). How- 
ever, the phenotypes of the mutants defective in PKC1 
are more severe than in the mutants defective in the down- 
stream components of the pathway; PKC1 mutants have 
a lysis defect at all temperatures (200). This suggests that 
PKC1 controls two pathways required for an optimal cell- 
wall remodeling response, one of which contains the 

MKia? ckl /MKK rnkkl or MKK mkk2 /MiV p K mpkl modu ] e 

In the fission yeast S. pombe, MAPK 13 " 11 ' 1 may be part 
of a MAPK pathway involved in maintenance of cell wall 
integrity (337, 395). However, MAPK pmkl may not be a 
downstream target of PKC in S. pombe but may function 
in coordination with PKC to regulate cell integrity (337). 
The upstream regulators of MAPI^ >mkl remain to be char- 
acterized in fission yeast. 
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construction. PKC, protein kinase C. 
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F. Osmosensor and Stress Pathways 

The budding yeast S. cerevisiae activates two path- 
ways in response to hyperosmolarity (220) (Figs. 7 and 
8). The osmosensors that stimulate these pathways func- 
tion in a very different manner. One pathway is regulated 
by a set of three proteins functioning like the prokaryotic 
two-component transduction system, and the other osmo- 
sensor is an integral membrane protein. These two sen- 
sors regulate two different MAPK pathways utilizing com- 
mon kinase elements that will lead to the transcription of 
genes necessary for survival in hyperosmotic conditions 
such as those required for the synthesis of glycerol to 
increase the internal osmolality (136). Although external 
high osmolality will activate both of these MAPK path- 
ways, the corresponding osmosensors do not detect the 
same osmolality changes. The integral membrane osmo- 
sensor is activated by high osmolarity and stimulates its 
corresponding MAPK pathway. In contrast, the two-com- 
ponent osmosensor is active in low-osmolarity conditions, 
and this results in the repression of the associated MAPK 
module. In high-osmolarity conditions, however, this os- 
mosensor is inactivated and no longer inhibits the activa- 
tion of the MAPK. Apparently, fission yeast also employ 
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fig. 8. Shol-dependent osmosensor MAPK pathway in Saccharo- 
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two related MAPK pathways to sense changes in osmolar- 
ity. Two different MAPK pathways are thus activated in 
response to hyperosmotic conditions in both S, cerevisiae 
and S. pombe. The reason for this is not yet understood, 
but it is likely that each of the osmosensor MAPK path- 
ways do not fulfill exactly the same function in response 
to increased osmolarity and that they may be differentially 
involved in sensing and responding to other types of 
stress. 

1. "Two-component" osmosensor pathway 

Two-component transduction systems are commonly 
found in prokaryotes. A two-component system is com- 
posed of a sensor molecule and a response-regulator mol- 
ecule. Typically, a sensor protein has an extracellular in- 
put domain and a cytoplasmic histidine kinase domain. A 
typical response-regulator is a cytosolic protein con- 
taining the receiver domain and a DNA binding domain. 
When the sensor protein is activated, it phosphorylates a 
histidine residue within its kinase domain and transfers 
this phosphate group to an aspartic acid in the receiver 
domain of the cognate response-regulator molecule, re- 
sulting in the switching of its output function that is gener- 
ally transcriptional activation. It is because the signaling 
pathway is composed of only two proteins that it is called 
a two-component system. The two-component osmo- 
sensor in yeast is, however, composed of three proteins, 
Slnl, Ypdl, and Sskl, that funtionally behave as two 
linked two-component systems (Fig. 7). Slnl corresponds 
to the first two-component system, since it contains both 
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a histidine kinase domain and a receiver domain. The 
Ypdl-Sskl pair functions as the second two-component 
system. Ypdl is phosphorylated on a histidine residue as 
a result of a transfer of the phosphate on the aspartic acid 
of Slnl. This phosphate is then transferred to Sskl on an 
aspartic acid (278). Slnl, Ypdl, and Sskl thus function as 
a multistep phosphorelay. The advantage of such a system 
may be its ability to be regulated at different levels. Sskl 
has a kinase activity and is able to stimulate a MAPK 
module composed of MAPK* 10 * 1 , MKK^ 52 , and two appar- 
ently redundant MKKK, MKKK ssk2 and MKKK 851 * 22 (23, 35, 
220) (Fig. 7). Sskl is inactive when phosphorylated (i.e., 
in low-osmolarity conditions) and activated by high osmo- 
larity. (when the sensor Slnl is inactive), which eventually 
leads to stimulation of MAPK* 1 ogl and transcription of 
genes necessary for survival in hyperosmotic conditions. 

2. Shol -dependent osmosensor pathway 

In addition to the Slnl-Ypdl-Sskl osmosensor path- 
way, the budding yeast has an alternate way of sensing 
hyperosmolarity that relies on the Shol osmosensor (220) 
(Fig. 8). Shol contains four transmembrane domains and 
a COOH-terminal cytoplasmic region with a Src homology 
3 (SH3) domain (220). In high-osmolarity conditions, 
MKKK 51611 is activated in a Shol -dependent manner. 
MKKK 51611 then phosphorylates and activates MKK 1 * 32 , 
which activates MAPK 11081 in the module (277). Activated 
MAPK hogl regulates the transcription of genes required for 
survival in hyperosmotic conditions (Fig. 8). In addition 
to its roles in the mating and the pseudohyphal pathways, 
MKKK 51611 is also involved in an osmoregulation pathway, 
indicating that MKKK? e11 is a component of at least three 
different MAPK modules. Activation of MKKK* 611 in one 
module does not necessarily imply that MKKK 51811 present 
in the other MAPK modules will be activated. The reason 
for this is the segregation and assembly of different MAPK 
modules regulated by different upstream inputs. For ex- 
ample, pheromones induce the phosphorylation and acti- 
vation of MAPK* 133 but not MAPK hog \ even though 
MKKK* 611 is the upstream regulator of both MAPK, indi- 
cating that MKKK* 611 is activated in the mating pathway 
but not in the osmosensor pathway. Conversely, hyperos- 
molarity will activate MKKK 5 * 611 in the Shol-dependent 
osmosensor pathway as assessed by the fact that 
MAPK hogl gets phosphorylated, but hyperosmolarity does 
not lead to the activation of MKKK 5 * 611 in the mating path- 
way demonstrated by the fact that MAPK* 153 is not phos- 
phorylated (277). 

The basis for the differential control is accounted for 
by the regulation of the mating MAPK module by Ste5 and 
the G/3y subunits (Ste4/Stel8) while MKK? 1 * 2 is able to 
bind to Shol, MKKK* 611 , and MAPK 11081 [the interaction of 
Shol and MKK pbs2 being mediated by the poly-proline-rich 
region of MKK? bs2 and the SH3 domain of Shol (220)]. 
Thus MKK? bs2 also functions as a scaffold protein to segre- 



gate the MKKK stell /MKI? )bs2 /MAPK p38 module for regula- 
tion by Shol (220, 277). The properties of Ste5 and 
MAPKI? bs2 in the mating and Shol-dependent MAPK path- 
ways, respectively, ensure that the two pathways are seg- 
regated from one another. 

3. Osmosensing pathways in S. pombe 

In fission yeast, MAPK pathways are also activated 
under stress conditions to mediate survival responses. 
Similar to budding yeast, it appears that two related MAPK 
pathways are activated in response to environmental 
stress. One is composed of the MKKK wikl /MKK wis1 / 
MAPK 51 " 01 module, and the other is most likely composed 
of the MKKK^7MKK^7MAPK^ c1 module (299, 312, 313) 
(Fig. 9). The pathway using MKKKT^ 1 may be predominant 
in conditions of osmotic stress because MKKK* 1111 is not 
essential for osmosignaling (299). Interestingly, activation 
of MAPK 5 ^ 1 can be achieved in the absence of MKK^ 1 
phosphorylation in response to heat shock and oxidative 
stress. The inactivation of the Pypl protein tyrosine phos- 
phatase is likely to be involved in this alternative MAPK 51 * 01 
activation mechanism (299). The upstream regulator of 
MKKK"* 1 , Mcs4, is the homolog of the S. cerevisiae Sskl 
protein (312). Thus, in lower eukaryotes, the stress-acti- 
vated MAPK pathway appears to be controlled by a con- 
served two-component system. In addition to involvement 
in stress responses, MKK** 51 , MAPK* 01 , and Pypl have 
roles in cell cycle progression. MKK** 31 was originally iso- 
lated as a mitotic inducer (360), and Pypl has been shown 
to negatively regulate entry into mitosis (236). 
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G. Sporulation Pathway 

Yeast sporulation is the process, involving meiosis, 
that leads to the packaging of haploid nuclei into spores. 
This reponse occurs only in diploids and is elicited by 
nutritional starvation (241). Upon completion of meiosis, 
the four-haploid nuclei, which still remain within a single 
nuclear membrane, are enveloped by the double mem- 
braneous prospore wall The spore wall is then deposited 
from the space between the layers of the prospore wall 
The final differentiated spore wall consists of four layers. 
The two inner layers appear indistinguishable from the 
vegetative cell wall, whereas the third layer is a spore- 
specific structure composed primarily of chitosan and chi- 
tin. The outermost electron-dense layer is a dityrosine 
coat (36, 37). One gene encoding a MAPK, MAPK 5 "* 1 , has 
been shown to be involved in the sporulation pathway 
(MAPK 511 * 1 mutants are defective in spore wall assembly) 
(185). A putative MAPK module, which employs MAPK 51 "* 1 
and an uncharacterized MKKK and MKK, may thus be 
used to regulate the sporulation response. A MKKKK ho- 
molog (Spsl) has also been shown to be involved in the 
sporulation pathway. Both Spsl and MAPK™ 1 " 1 mutants 
display similar phenotypes: they both proceed normally 
through meiosis but then are defective in spore wall as- 
sembly (136, 185). This suggests that Spsl controls the 
putative MAPK module mediating the sporulation re- 
sponse. 



V. MAMMALIAN MITOGEN-ACTIVATED 
PROTEIN KINASE PATHWAYS 

One important point that emerges from the the stud- 
ies of the yeast MAPK pathways is that MAPK pathways 
form modules that are held together through protein-pro- 
tein interactions. Activation of one MAPK pathway does 
not normally lead to the activation of other MAPK path- 
ways, even if a given component is found within multiple 
pathways. Mitogen-activated protein kinase pathways are 
thus spatially regulated in yeast. It is thus predicted that 
this also applies to the mammalian MAPK pathways. In 
mammalian cells, however, multiple MAPK pathways can 
be activated by a single receptor type. For example, the 
high-affinity FceKl receptor for IgE activates the MAPK erk , 
MAPK? 1 *, and MAPK 1138 pathways in mast cells. Mamma- 
lian cells also do not lend themselves to genetic studies 
as performed in yeast. For this reason, many studies in 
mammalian cells involve overexpression of activated and 
inhibitory mutant components of MAPK pathways. A po- 
tential pitfall, however, is that this methodology may per- 
turb the segregation mechanisms holding individual 
MAPK modules. The challenge in the forthcoming years 
will be to improve existing methods or develop new tech- 
nologies in mammalian systems to overcome these limita- 
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tions. Obviously, gene knock-out strategies may be partic- 
ularly usefull in this context. 

In yeast, it appears that transcription factors com- 
prise the majority of the known substrates regulated by 
MAPK pathways. In mammalian cells, many MAPK sub- 
strates defined to date are also transcription factors. In 
addition, several cytoskeletal proteins, protein kinases, 
and phopholipases are also substrates for specific MAPK 
As our understanding of the yeast and mammalian MAPK 
pathways increases, it is likely that additional classes of 
MAPK substrates will be defined 

Four types of MAPK pathways have been defined to 
date in mammalian cells. However, within a given path- 
way, several MKKK, MKK, and MAPK can generally be 
found to be interchangeable. For example, there are 3 
isoforms and 10 different splice variants of MAPK in the 
c Jun kinase (MAPK? 1 *) pathway (123). The relevance of 
this complexity is poorly understood and is difficult to 
assess, because it is not straightforward to dissect the 
role of individual components of the MAPK pathways in 
mammalian cells. Mammalian MAPK pathways are in- 
volved in a diverse set of responses affecting cell fate, 
including cell proliferation and differentiation, adaptation 
to environmental stress, and apoptosis. 

A. MAPK erk Pathway 

The best described MAPK signaling pathway in mam- 
malian cells is the extracellular signal-regulated kinase 
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(MAPK 61 *) pathway. This pathway can apparently include 
a number of different MKKK and MKK (Fig. 10). There 
are five MAPK denned as ERK (MAPK^ 1 " 5 ) (52, 274, 308). 
However, amino acid sequence comparisons indicate that 
these proteins belong to different subfamilies of MAPK 
(see Fig. 2). There is actually more divergence between 
the MAPK erkl /MAPK erk2 subfamily and the MAPK erk3 / 
MAPK erk4 subfamily than between the MAPK erkl /MAPK erk2 
subfamily and any other MAPK Of the collective group 
of MAPK referred to as ERK, MAPIT kl and MAPK crk2 are 
the most extensively studied MAPK erkl and MAPK" 13 are 
44- and 42-kDa isoforms, respectively. MAPK* rkV2 is acti- 
vated by many different inputs to the cell that lead to the 
activation of several transcription factors and other serine 
threonine kinases contributing to cellular proliferation, 
differentiation, cell cycle regulation, and cell survival. The 
other ERK are less well characterized. MAPK** 113 is local- 
ized in the nucleus and is activated by PKC isoforms (52, 
302). MAPK 61 ^ 4 has been shown to be activated in response 
to nerve growth factor (NGF) and EGF via a Ras-depen- 
dent pathway (274). The MAPK pathway employing 
MAPK erk3 and MAPK erk4 remains to be characterized. 
MAPK erk5 is discussed in section vD. 

L MAPW' km 

For further discussion in this section, we focus on 
the regulation of MAPIT rkl and MAPK rk2 , which will be 
collectively referred to as MAPK erkiy2 . Upon activation, 
MAPK erkl/2 phosphorylate substrate proteins on serine or 
threonine residues within a proline-directed motif. Pro- 
Leu-Ser/Thr-Pro is the most stringent consensus sequence 
for substrate recognition by MAPK 61 * 1 ' 2 (42). Several cyto- 
plasmic proteins have been shown to be substrates for 
MAPK erkl/2 . Proteins known to be phosphorylated by 
MAPK* 1 * 172 include the S6 kinase p90 rsk , cytosolic phbspho- 
lipase A 2 , and the juxtamembrane region of the EGF re- 
ceptor (210, 308, 366). Several microtubule-associated 
proteins (MAP) are also substrates for MAPK erkl/2 , includ- 
ing MAP-1, MAP-2, MAP-4, and Tau (308). 

MAPK 61 * 1 ' 2 phosphorylation of p90 rsk at threonine-79 
and threonine-396 contributes to activation of the kinase 
(261, 308). One consequence of p90 rsk activation is its 
translocation to the nucleus, where it phosphorylates c- 
Fos (308). p90 rsk -induced phosphorylation of c-Fos occurs 
at serine-362 in the COOH-terrninal transrepression do- 
main. p90 r5k also phosphorylates glycogen synthase kinase 
3 (GSK3) at serine-9 near the NH 2 terminus, resulting in 
the inhibition of GSK3 kinase activity. Glycogen synthase 
kinase 3 has been shown to negatively regulate c^Jun. 
Thus stimulation of p90 rck by MAPK erkU2 results in the 
regulation of both c-Fos and c-Jun. The transient inactiva- 
tion of GSK3 has been proposed to enable the rapid activa- 
tion of c-J\m and possibly AP-1 activity (82, 308). The 
regulation of additional kinases by MAPK erkl/2 can, there- 
fore, result in amplification of the signaling downstream 
of MAPK erkl/2 . 



The regulation of cytosolic phospholipase A 2 also 
generates active signaling molecules for the regulation of 
cellular physiology. Cytosolic phospholipase A 2 is phos- 
phorylated at serine-505 by MAPK 61 ™ 2 (119). This phos- 
phorylation event activates the enzyme that catalyzes the 
release of arachidonic acid. This is the rate-limiting step 
in the biosynthesis of eicosanoids (i.e., prostaglandins, 
leukotrienes). These compounds are important regulators 
of many physiological responses in cells (210, 366). 

MAPK** 172 is also able to phopshorylate the EGF re- 
ceptor, the Ras exchange factor Sos, MKKK™* 1 , and 
MKK" 11 * 1 . The phosphorylation of each of these proteins 
by MAPlT rkiy2 is believed to reduce their catalytic activity. 
Each of these proteins is involved in a signal pathway 
involving MAPK 61 * 172 , and their phosphorylation would 
provide a feedback mechanism for controlling the activity 
of upstream regulators of the MAPK^^ 2 pathway (366). 

In addition to phosphorylating cytoplasmic proteins, 

activated MAPK erkl/2 is translocated to the nucleus and 

phosphorylates several different transcription factors. 

Transcription factors phosphorylated and activated by 
MAPK erki/ 2 ind^e Elkl ^ Etsl Sapla ^ c . MyCj Tal ^ signal 

transducer and activator of transcription (STAT) proteins; 
Myb activity is believed to be inhibited by MAPK CTkl/2 (159, 
203, 308, 366, 375). 

2. MKKK in the MAPK?' kl/2 pathway 

Ligation of many receptors leads to the activation of 
MAPK erk172 through the activation of Ras. This was inferred 
from the observation that Ras activates MKKK™* 1 and that 
activated MKKK™ 11 is sufficient to stimulate the MAPK erkl/2 
signaling pathway (225, 319). Ras in the GTP-bound form 
binds to the NH 2 -terminal regulatory domain of MKKK™* 1 
(179). The NH 2 -terminal regulatory domain, by itself, of 
MKKK™* 1 has high affinity for Ras • GTP and functions as 
an effective dominant negative mutant. Although MKKK™* 1 
interacts with GTP-bound Ras, it is unclear whether the 
Ras* GTP interaction with MKKK"* 1 is sufficient to acti- 
vate MKKK™" (400). One function of Ras • GTP is to local- 
ize MKKK™* 1 to the plasma membrane where it becomes 
activated (80, 225). Support for this hypothesis was dem- 
onstrated by the addition of the Ras prenylation sequence 
(CAAXbox) to the COOH terminus of MKKK™" (131). The 
prenylated plasma membrane targeted MKKK^-CAAX 
chimera has seven times greater kinase activity at similar 
levels of expression relative to wild-type MKKK™* 1 (201). 
MKKK^-CAAX is constitutively activated and is onco- 
genic in fibroblast transformation assays. Once MKKK™* 1 
is at the plasma membrane, it becomes tyrosine phosphor- 
ylated on Tyr-340 and Tyr-341 by membrane-bound tyro- 
sine kinases including c-Src (223, 225). Treatment of 
MKKK rafl with tyrosine phosphatases inactivates 
MKKK™* 1 , further supporting the importance of tyrosine 
phosphorylation for MKKK™* 1 activation (72). However, 
the role that tyrosine phosphorylation plays in MKKK™* 1 
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activation remains controversial, since mutation of the 
tyrosines on MKKK™" reduces but does not eliminate its 
kinase activity upon activation of Ras (223, 225). A closely 
related homolog of MKKK* 11 ", MKKK*-™* does not have the 
tyrosines at positions 340 and 341 but is activated by Ras, 
suggesting that tyrosine phosphorylation is not obligatory 
for activation of all MKKK™* family members (225). In 
addition to tyrosine phosphorylation, MERE™* 1 is phos- 
phorylated on serine residues 43, 259, 499, and 621 and 
is phosphorylated on threonine residue 268 (180, 225). 
Because treatment of cultured cells with phorbol esters 
leads to MKKK™" activation and a strong MAPK erkl/2 acti- 
vation (144), it is reasonable to suspect that PKC isoforms 
that are activated directly by phorbol esters phosphory- 
late MKKK™" leading to its activation. Indeed, coexpres- 
sion of PKC-/3 with MKKK™" stimulates MKKK™" activa- 
tion in a phorbol ester-dependent manner (227). Further- 
more, PKC can also phosphorylate Ser-259 and Ser-499 of 
MKKK™" in vitro (180), suggesting that tyrosine and serine 
phosphorylation of MKKK 1 * 11 " controls its kinase activity 
when it is at the plasma membrane. 

Recently, it was shown that MKKK™" must be associ- 
ated with Ras • GTP for its activation by PKC (222). Phor- 
bol esters stimulate GTP binding to Ras, but the activation 
of MKKK™" by PKC was not blocked by dominant negative 
Ras (NITRas). N17Ras, which interacts with the exchange 
factor Sos, will block the activation of MKKK™" by recep- 
tor tyrosine kinases, suggesting that PKC activates Ras by 
a mechanism involving a Ras exchange factor different 
from the one used by tyrosine kinases. 

Proteins in addition to Ras bind and regulate 
MKKK™" activity. The 14-3-3 proteins were initially dis- 
covered to interact with MKKK™" in two-hybrid screening 
(101, 103). The 14-3-3 proteins have a variety of biological 
properties and recently have been shown to be involved 
in cell cycle control in both yeast and mammalian cells 
(5, 94, 135, 225, 291). The 14-3-3 proteins are dimers that 
may function as scaffolds or anchors to localize signaling 
proteins including protein kinases such as MKKK™". The 
14-3-3 proteins also bind to motifs in proteins that fre- 
quently include phosphoserine and phosphothreonine res- 
idues (255, 386). Binding of 14-3-3 protein to phosphoser- 
ine/threonine motifs in proteins has been demonstrated 
to protect these sites from dephosphorylation by phospha- 
tases (56). Association of 14-3-3 proteins with MKKK™" 
may prevent MKKK™" inactivation by dephosphorylation 
and prolong its activation (225). Both 14-3-3/5 and 14-3- 
3e associate with the NH 2 -terminal regulatory domain of 
MKKK**" (99). Mutation of Cys-162, Cys-168 in the cys- 
teine-rich domain or Ser-259 of MKKK™" prevents the as- 
sociation of 14-3-3 isoforms with MKKK™". Mutation of 
Cys-162 or Cys-168 to serines has also been reported to 
block the activation of MKKK™" by oncogenic Ras (225), 
but this finding has not been repeated by other investiga- 
tors (95, 234). Despite the clear interaction of 14-3-3 pro- 



teins with MKK™", it is still not apparent what the exact 
function of this interaction is with regard to regulation. 
Different investigators have found that 14-3-3 binding to 
MKKK™" enhances, suppresses, or has no effect on 
MKKK™" kinase activity (95, 101, 153, 234). It seems most 
likely that 14-3-3 proteins will be found to function pri- 
marily in organizing signal transduction systems such as 
upstream regulators of MAPK modules by controlling the 
proximity of these proteins with different MKKK (94). 

MKKK™" can also be phosphorylated by MAPK erkL/2 
and PKA (cAMP-dependent protein kinase) (225, 240, 308, 
348). These phosphorylations inhibit MKKK™" . activity. 
The MAPK ferkl/2 -mediated inhibition of MKKK™" may be a 
mechanism to limit the extent of the activation of the 
pathway via a classical feedback inhibition mechanism. 
The inhibition of MKKK™" signaling by PKA is a mecha- 
nism whereby receptor systems that regulate cAMP syn- 
thesis can negatively regulate the MAPK erkl/2 pathway, 
allowing integration and control of these pathways by 
multiple inputs, both positive and negative. 

Recently, MKE7 nekl , the downstream effector of 
MKKK™" in the MAPK erkI/2 pathway, has been shown to 
increase the activity of MKKK™" in a Ras- and Src-inde- 
pendent manner (408). The signal transmitted through the 
MAPK erkly2 pathway may thus be amplified when it reaches 
the MKK" 161 * 1 level, but it is negatively regulated when 
MAPK erky2 is activated. This type of dual regulation may 
be important to determine the duration and strength of 
the MAPK erkiy2 response. 

There are two additional MKKK™* members, MKKK A * af 
and MKKK*"™*, whose pattern of expression is more re- 
stricted than that of MKKK™" (324). The large 96-kDa 
form of MKKK*"™* is expressed in many neuronal and neu- 
roendocrine cell types and appears to be the major 
MKK""* activator in brain (43, 388). A smaller 68-kDa 
splice variant is expressed in fibroblasts and many other 
cell types. MKKK 18 -™* is also activated in NGF- and EGF- 
stimulated PC-12 cells (158). MKKK AHraf activates MKK?"* 
in cardiac myocytes after endothelin-1 stimulation (22). 
However, although MKKK 1 *"™* is strongly activated by on- 
cogenic Ras alone, maximal activation of both MKKK™* 1 
and MKKK Am * requires additional inputs (224). Such in- 
puts could involve upstream kinases such as Src, PKC, 
other MKKKK, or additional protein interactions such as 
with 14-3-3 proteins. A glimpse of such differential regu- 
lation has recently been discovered with MKKK*"™*. Hie 
96-kDa MKKK** 3 * protein can be activated by a second 
GTP-binding protein, Rapl. Rapl is phosphorylated near 
its COOH terminus by PKA (204). Treament of cells with 
cAMP leads to phosphorylation of Rapl, which enhances 
exchange of GDP for GTP. Rapl * GTP binds and activates 
MKKK 3 "™* in a manner similar to Ras activation of 
MKKK* 11 " (348). Rapl does not activate MKKK* 11 ". The 68- 
kDa form of MKKK*"™* neither interacts with nor is regu- 
lated by Rapl. Rapl appears to be expressed in most if 
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not all cells. Thus, in cells expressing the 96-kDa form 
of MKKK*™*, cAMP activation of PKA will stimulate the 
MKKK B " n ^MKK mek /MAPK erkl/2 module while inhibiting 
MKKK™* 1 . . 

S. MKK in the MAPK nkl/2 pathway 

MKK 0 "* 1 and MICK""* 2 are the MKK in the three-ki- 
nase component MAPK 61 * 1 ' 2 activation modules (225, 366). 
MKK™* 1 and MKK 11101 " 2 are highly homologous in primary 
amino acid sequence and function as dual threonine/tyro- 
sine kinases. MAPK erkly2 have a Thr-Glu-Tyr sequence in 
the activation loop of the kinase catalytic domain that 
is phosphorylated by activated MKK mekl/2 (366). MKK""* 1 
contains a nuclear export signal that excludes it from the 
nucleus (104). It has been proposed that MICK™* 1 in an 
inactive state sequesters MAPK erkl>2 in the cytoplasm. Acti- 
vation of the MAPK erkl/2 module results in MKK™* 1 phos- 
phorylation and activation of MAPK erkl/2 . The activation 
of MAPK erkiy2 results in its dissociation from MKK™* 1 . Ac- 
tivated MAPK 61 * 172 is rapidly translocated to the nucleus 
where it is functionally sequestered and can regulate the 
activity of nuclear proteins including transcription fac- 
tors. The inactivation of MAPK* 1 * 1 ' 2 requires its dephos- 
phorylation by specific phosphatases (see below). Nuclear 
MAPK 61 * 1 ^ when dephosporylated returns to the cyto- 
plasm and reassociates with MKK mekl . 

Transf ection analysis and biochemical reconstitution 
in vitro indicates that MKKK™* 1 can activate both MKK 1 "* 1 
and MKK™ 112 . Stimulation of cells through receptor tyro- 
sine kinases, nonreceptor tyrosine kinases, and G protein- 
coupled receptors also leads to activation of both MKK mekl 
and MKr ek2 (225, 366). There are several conditions 
where MKK 1 ™* 1 and MKK™* 2 appear to be differentially 
regulated. When recombinant Ras • GTP is used to bind 
effectors from cell lysates, a complex of MKKK™* 1 and 
MKK mekl or MKKK^ and MICK""* 1 is found. MKIT ek2 has 
not been isolated in these complexes. Also, cells trans- 
formed by oncogenic forms of Ras display increased 
MKK™* 1 activity compared with MKK™* 2 , suggesting that 
Ras and MKKK 1 ** 1 preferentially signal to MAPK erkly2 via 
MKK"** 1 (161, 225). In response to phorbol esters or endo- 
thelial treatment of cardiomyocytes, MKKK Araf activated 
MKK™* 1 (22). MKKK^ activated MKK 11 "* 1 in PC-12 cells 
in response to NGF, EGF, and PDGF. Serum stimulation 
of NIH 3T3 cells stimulates MKK 1 ™* 1 (190, 366), and 
MKKK A-raf selectively activates MKK™* 1 compared with 
MKK™* 2 in response to EGF treatment of HeLa cells (225, 
366). Thus MKK 1 ™* 1 and MKK 1 ™* 2 appear to be differen- 
tially activated by MKKK^, MKKK Araf , and MKK Bmf in 
different cell types and in response to different extracellu- 
lar stimuli. Stimuli that preferentially activate MKK 1 ™* 2 are 
still to be identified. 

There are several reports in the literature that demon- 
strate MAPir* 172 activation when MKKK^ activation 
could not be demonstrated. For example, EGF treatment 



of Swiss 3T3 cells, insulin stimulation of adipocytes, and 
tumor necrosis factor-a (TNF-a) challenge of macro- 
phages activated MKK""* 1 and MAPK erkl/2 but not MKKK™" 
(133, 225, 374, 404). Because in mouse macrophages nei- 
ther MKKK IW nor MKKK A raf was expressed, these results 
suggest that a MKKK other than MKKK^ was involved in 
activating the MAPK erkl/2 pathway. Reported activators of 
MKK meki/2 other than mkkK^ subfamily members include 
MKKK mos MKKK tpl2 , MKKK mekk \ MKKK mekk2 , and 
MKKK™ 1 * 3 (92) (Fig. 10). A COOH-tenninal truncation of 
MKKK* 12 referred to as MKKK cot , MKKK 1 ™* 1 * 1 , MKKK mekk2 J 
and MKKIT ekk3 is also capable of activating the MAPK jnk 
signaling pathway (92). This indicates that some MKK 1 ™* 1 
activators can feed into the MAPK Jnk pathway by activa- 
tion of MKK 31 * 1 . This finding is rerniniscent of budding 
yeast, where specific MKKK like MKKK* 611 can function 
in more than one MAPK module. Both MKKK" 103 and 
MKKK* 12 have restricted patterns of expression; MKKK 11103 
is expressed in germ line cells where it is a key regulator 
of meiosis and has been found expressed in some cervical 
cancer cell lines (92, 366), and MKKK* 12 is mainly ex- 
pressed in lymphoid and hemopoietic cells (92). Thus 
MKKK" 103 and MKKK* 12 may serve as tissue-specific activa- 
tors of MKK 1 ™* 1 or MKK 1 ™* 2 . MKKK""** 1 ' 2 and 3 are ex- 
pressed in a wide variety of tissues and have been shown 
to activate the MAPK erkI/2 pathway in transfection assays. 
Only kinase-inactive MKKK mekkl and not MKKK mekk2/3 has 
been shown to inhibit receptor stimulation of MAPK erkl/2 
(93). MKKK 11 "** 1 has also been shown to bind to Ras * GTP 
(296), suggesting that it has the necessary regulatory func- 
tions to be an MKKK in the MAPK erkl/2 module. In addition 
to Ras association, MKKK mekkl also binds Rac and Cdc42, 
which may direct its activity toward the MAPK jnk signaling 
pathway (93). The implication of these findings is that 
several different MKKK may function in mammaliam 
MAPK* 3 * 1 ' 2 signaling modules. Hie prediction is that up- 
stream inputs involving MKKKK, GTP-binding proteins, or 
other signals that are differentially regulated by extracel- 
lular stimuli could regulate different MAPK erkl/2 modules, 
allowing discrimination and integration of signals. 
MKKK 11161 * 1 encodes a predicted pleckstrin homology do- 
main that may bind phosphatidylinositol 3,4,5-trisphos- 
phate or phosphatidylinositol 4,5-bisphosphate, reaction 
products of the phosphatidylinositol 3-kinase (PI3K)- 
catalyzed reaction A difference, therefore, between 
MKKK mekki ^ MKKK ^fi could be acti vation of 

MKKK™* 1 " 1 by PI3K reaction products. 

Reversal of MAPK erk activation involves dephosphoryla- 
tion of the Thr(P)-Glu-lVr(P) activation motif by protein 
kinase phosphatases. Protein kinase phosphatases that can 
inactivate MAPK include MKP-1 (also known as CL100, 
3CH134, Erp, and hVH-1), MKP-2 (hVH-2, Typ-1), MKP-3 
(rVH6, Pystl), MKP-4, PAC1, VHR, B23 (hVH-3), and M3/6 
(hVH-5) (55, 251-253, 366). Among these phosphatases, 
MKP-1, MKP-3, and MKP-4 are more selective in dephos- 
phorylating and inactivating MAPK 61 * 172 compared with other 
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MAPK (100, 122, 252, 253). Except M3/6 that is veiy specific 
for MAPK? 38 and MAPK? 1 *, the other phosphatases do not 
seem to discriminate between different MAPK MKP-3 and 
MKP-4 are primarily in the cytoplasm, whereas the other 
phosphatases are nuclear. This finding indicates a specific 
control of the MAPK by MKP-3 and MKP-4 compared with 
the other phosphatases based on their cellular location. 

MAPK erkl/2 has many substrates with diverse func- 
tions in cells, and the question should be asked what the 
biological outcome is of MAPK erkl>2 activation? The unsat- 
isfying answer is that the role of MAPK^ 172 is probably 
as variable as there are differentiated cell types. In cell 
culture systems, there is a good correlation between 
MAPK erkl>2 activation and proliferation of cells. Growth 
factors such as EGF and PDGF that stimulate prolifera- 
tion of cells also frequently give a strong and persistent 
stimulation of MAPK erkiy2 activity. Interfering with compo- 
nents of the MAPK erkl/2 signaling pathway with dominant 
negative mutants or antisense constructs for MKKK™* 1 or 
MAPK 6 ^ 1 shows significant inhibition of cell proliferation 
(238, 272, 308). Conversely, constitutively activated 
MKK meki p ers i s tently stimulates MAPK** 1 activity, re- 
sulting in enhanced cell proliferation (308). 

MAPK^ activation may not always be required for pro- 
liferation. Interleukin-4 stimulation of B cells does not signifi- 
cantly activate MAPK^ signaling but still induces prolifera- 
tion. Conversely, okadaic acid (a phosphatase inhibitor) treat- 
ment of B lymphocytes activates MAPK* 1 * 2 but inhibits rather 
than augments cellular proliferation (42, 353), indicating that 
regulation of the phosphorylation status of other proteins by 
okadaic acid can have growth inhibitory effects even though 
MAPK 3 * 2 is activated In smooth muscle cells, activation of 
MAPK** 1 ' 2 leads to PGE 2 secretion that inhibits cellular prolif- 
eration. However, in smooth muscle cells lacking the induc- 
ible form of cyclooxygenase, activation of MAPIC**^ does 
not lead to secretion of PGE2, and the cells proliferate (30). 
Therefore, the MAPK eridy2 signaling pathway can mediate ei- 
ther proliferation or growth inhibition depending on the reper- 
toire of genes that are regulated in a specific cell type. Consis- 
tent with this theme is the ability of constitutively active 
MKK mfikl or MAPK 51 * 2 to induce differentiation in some cell 
types including PC- 12 pheochromocytoma (282) and K562 
eiythroleukemia cells (283). Treatment of PC-12 cells with 
either EGF or NGF activates the MAPK eridy2 signaling path- 
way, yet EGF stimulates proliferation while NGF induces 
growth arrest and differentiation (282). This apparent differ- 
ence in the outcome between EGF and NGF treatment has 
been postulated to be related to differences in the duration 
and magnitude of the MAPK* 4 ^ activation. Epidermal growth 
factor-stimulated MAPK erkly2 activity in PC-12 cells is tran- 
sient, returning to basal or near-basal levels within 1-2 h 
In contrast, the NGF-stimulated activity is more sustained 
Overexpression of the EGF receptor in PC-12 cells changes 
the response to EGF from proliferation to differentiation, a 
response that is correlated with prolonged MAPK erkL2 activa- 



tion (76). Taken together, these results indicate that the 
strength and duration of the signals transmitted through 
MAPK 6 ^ 2 will contribute to determine whether a cell prolif- 
erates or differentiates in response to a specific stimulus. 

MAPK erkl/2 may also contribute to cell cycle regula- 
tion in some cell types. In Chinese hamster ovary cells, 
MApK erki/2 is activated m ^ Gj ^ m phase of the cell 

cycle (332). MAPK erkiy2 is associated with the microtubule- 
organizing center (MTOC) during M phase of the cell cy- 
cle, suggesting an involvement of MAPK erkiy2 in controlling 
MTOC function (347). Furthermore, MAPK erkl/2 function in 
the spindle assembly checkpoint in Xenopus egg extracts 
(239) (see sect. vi/)). The substrates for MAPK erkl/2 in cell 
cycle control are not defined Persistent activation of 
MAPK erkly2 has also been shown to be required to pass the 
Gj restriction point in fibroblasts (194). It was shown that 
MAPK erkl/2 activation increases cyclin Dl promoter activ- 
ity and cyclin Dl protein expression (193). These results 
demonstrate that MAPK erkl/2 can modulate cyclin Dl ex- 
pression and its associated cyclin-dependent kinase activ- 
ities for the control of Gi progression. 

Activation of MAPK erkl/2 may also provide protection 
against apoptosis in some cell types. In PC-12 cells, the 
withdrawal of NGF led to the inhibition of MAPK 6 ^ ac- 
tivity and cell death (383). Constitutive activation of the 
MAPK erkl/2 pathway in these cells inhibited apotosis. In 
L929 cells, blockage of MAPK erkly2 activation prevents the 
protection against TNF-a-induced apoptosis that is medi- 
ated by fibroblast growth factor (FGF>2 (108). In Jurkat 
cells, the ERK pathway is activated when Fas is stimulated 
(117, 368); however, the ERK activation is transient, possi- 
bly as a consequence of MKKK™* 1 degradation in apoptotic 
cells (368). It is believed that the function of the inactiva- 
tion of the MAPK erkl/2 response pathway in Fas-stimulated 
cells is to prevent MAPK erkly2 -mediated protection against 
the apoptotic response. Support for the hypothesis that 
the MAPK erkl/2 pathway components are involved in sur- 
vival signaling comes from MKKK Braf knock-out mice. 
These mice die of vascular defects during mid-gestation 
and show increased numbers of endothelial precursors 
cells, enlarged blood vessels and apoptotis of differenti- 
ated endothelial cells (376). Thus MKKK^ appears criti- 
cal as a signaling element in the development of the vascu- 
lar system. This appears to be due, at least in part, to its 
ability to protect matxuing endothelial cells from 
apoptosis. In some cases, however, the MAPK erkl/2 path- 
way may be positively involved in cell death as indicated 
by the observation that inhibition of MKK mekl activity 
inhibits crocidolite asbestos (a carcinogen)-induced 
apoptosis (164) and Fas-induced apoptosis (117). How 
inhibition of MKK" 161 " 1 activity would suppress apoptosis 
is unclear from these studies. 

4. Receptor activation of the MAPK"' km pathway 

Many different receptor types are able to activate the 
MAPK erkl/2 pathway (Fig. 11). Upon stimulation of recep- 
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tor tyrosine kinases such as the EGF receptor, PDGF re- 
ceptor, or insulin receptor, their intrinsic tyrosine kinase 
domains are activated, leading to tyrosine phosphoryla- 
tion of specific substrates including themselves (225, 308, 
366). Tyrosine phosphorylation of the receptor allows the 
binding of adapter proteins to the receptor. Adapter pro- 
teins within their amino acid sequence have specific mo- 
tifs that are involved in protein-protein interactions. The 
adapter protein She consists of a phosphotyrosine binding 
(PTB) domain, Src homology 2 (SH2) domain [which, as 
PTB, also binds phosphotyrosine residues], and a Src ho- 
mology 3 (SH3) domain. After activation of the EGF recep- 
tor, She binds to a specific phosphotyrosine of the recep- 
tor via its PTB domain (80, 225). Hie association of She 
with the EGF receptor permits the tyrosine phosphoryla- 
tion of She by the receptor itself or intracellular tyrosine 
kinases such as Src (15). This phosphorylation allows the 
binding of another adapter protein, Grb2, consisting of a 
SH2 domain and two SH3 domains (80, 301). The associa- 
tion between She and Grb2 is mediated by the SH2 domain 
of Grb2. Grb2 can also bind directly to the EGF receptor 
through its SH2 domain (15). These associations amplify 
the amount of Grb2 associated with the receptor. Because 
the guanine nucleotide exchange factor Sos (son of sev- 
enless) binds constitutively to the Grb2 SH3 domain, the 
binding of Grb2 with the EGF receptor also recruits Sos 
(80, 301). The localization of Sos to the EGFR leads to 
the exchange of Eas * GDP for GTP at the plasma mem- 
brane (80). Ras- GTP interacts with MKKK™* 1 or other 
MKKK fitting into the MAPK erkl/2 module and leads to the 
activation of the MAPK erkI/2 pathway. The activation of the 
MAPK erkl/2 signaling pathway by other receptor tyrosine 
kinases involves similar recruitment of adapter proteins 
leading to Ras activation. 

A second group of receptors that activate MAPK Brkl/2 



includes specific cytokine receptors, the T-cell receptor, 
CD28, and the B-ceil receptor. Upon ligation of these recep- 
tors, there is a rapid and transient increase in tyrosine 
phosphorylated proteins. Because these receptors lack an 
intrinsic tyrosine kinase domain, tyrosine phosphorylation 
of target proteins is accomplished by the activation of Src 
family tyrosine kinases including Lck, Lyn, Fyn, and others 
(46, 333). Similar to receptor tyrosine kinases, the receptor 
itself becomes tyrosine phosphorylated, enabling the re- 
cruitment of the adapter proteins She and Grb2 to the 
cytoplasmic surface of the receptor effectively recruiting 
Sos to the receptor. These events lead to GTP loading of 
Ras and MAFK arkl/2 activation (46). 

Several cytokine receptors activate the MAPK erkl/2 path- 
way through the activation of JAK (Janus kinases including 
JAK1, -2, -3, and Tyk2). In addition to its ability to phosphory- 
late and activate STAT, JAK1 can phosphorylate She on 
tyrosines leading to activation of the MAPK erkl/2 pathway 
(375). In turn, MAPK 6 ^ may phosphorylate and potentiate 
the activity of the STAT (375). In human multiple myeloma 
cells, interleukin (TL)-6 triggers cell growth through the 
MAPK erkl/2 pathway in a JAK- and Ras-dependent manner 
(267). However, JAK-mediated MAPK erid/2 activation can oc- 
cur independently of Ras activation. For example, inter- 
feron-/? induces MKKK™* 1 activation in HeLa cells in a Ras- 
independent manner, whereas oncostatin M stimulation of 
MKKK™ 11 correlated with GTP loading of Ras (321). 

G-protein coupled receptors (GPCR) can also engage 
the MAPK erkl/2 pathway. With many G r coupled receptors, 
treatment of cells with pertussis toxin inhibits MAPK erk 
activation. When G r coupled receptors are involved, 
MAPK erkl/2 activation is believed to be primarily mediated 
by the /3y-subunit complex. One mechanism for /^-stimu- 
lated MAPK erk activity appears to be PI3Ky dependent 
(213). This pathway was shown to be specific for PI3Ky, 
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fig. 11. Receptor -mediated activation of 
MAPIC* pathway. See text for details. JAK, Janus 
kinase; STAT, signal transducer and activator of 
transcription; PLC/?, phospholipase C-/?; PI-3K, 
phosphatidylinositol 3-kinase. 
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since PI3Ka could not be used as a substitute for PI3Ky 
(213). Signaling from PI3Ky to the MAPK 61 * pathway re- 
quired a tyrosine kinase, She, Grb2, Sos, Ras, and 
MKKK** 1 (213), indicating that the GPCR that activate 
the MAPK erk pathway in a PI3Ky-dependent manner can 
transactivate receptor tyrosine kinases (Fig. 11). Some 
GPCR activate the MAPK 61 * pathway in a pertussis toxin- 
insensitive manner. This activation mechanism involves 
the stimulation of Ga q /n proteins and the activation of 
phospholipase C-/5. The stimulation of intracellular cal- 
cium activates the proline-rich tyrosine kinase (Pyk2) 
(205). Pyk2 activates Ras through the tyrosine phosphory- 
lation of She and/or by recruitment of the Grb2/Sos com- 
plex similar to receptor tyrosine kinases (327). In re- 
sponse to endothelin-1, lysophosphatidic acid, or throm- 
bin, the EGF receptor is rapidly tyrosine-phosphoiylated, 
leading to the recruitment of adaptor proteins such as 
Grb2 (69, 327). This recruitment eventually leads to 
MAPK erkl/2 activation as described above. Inhibition of the 
EGF receptor function suppressed MAPK erkl/2 activation 
by the GPCR (69). It has also been suggested that the 
GPCR-induced tyrosine phosphorylation of EGF receptor 
is mediated by a Src tyrosine kinase (215). 

In lymphoid cells, targeted deletion of Lyn or Csk tyro- 
sine kinases blocks the stimulation of MAPIC 3 * 172 by G q - 
but not Gi-coupled receptors (350, 351). In cells deficient 
for Btk tyrosine kinase, Gv-coupled receptors failed to acti- 
vate ERK, whereas G q -coupled receptor-mediated stimula- 
tion was unaffected (350). Cells lacking Syk were deficient 
in both G q - and G r mediated MAPK 6 * stimulation (350, 351). 
Syk appears to integrate the signals stimulated by different 
GPCR, leading to the activation of the MAPK** 172 pathway 
(Fig. 11). In addition, there is evidence that some GPCR 
activate MAPK erkl/2 in a PKC-dependent, Ras-independent 
manner (366). 

Finally, the MAPK 61 * pathway can be activated by 
engagement and clustering of integrins. Integrins are a 
family of transmembrane receptors that bind to proteins 
of the extracellular matrix, such as fibronectin, collagen, 
and vitronectin. Binding and clustering of integrins leads 
to the formation of focal adhesion structures, in which 
integrins connect to actin stress fibers. Integrin ligation 
induces the activation of a variety of signaling events, 
including the activation of the MAPIT^ pathway (50, 
242, 249, 407). The activation of the MAPK erkl/2 after inte- 
grin ligation is mediated in part by Rho (290). Cell adhe- 
sion is also important for survival of adherent cells. The 
regulation of the MAPK erkly2 pathway by integrins may 
contribute to the survival response observed with inte- 
grin-mediated adherence. 

B. MAPK jnk Pathway 

A new MAPK was identified biochemically in 1991 
(281) that was distinguished from the MAPK* rks by two 



characteristics: i) it was activated by cell stress such as 
ultraviolet irradiation, and 2) it phosphorylated oJun at 
the NH 2 -terminal activating sites rather than the COOH- 
terminal inhibitory sites phosphorylated by the MAPK erk2 . 
When the gene encoding this kinase was cloned by two 
groups, the human homolog was named c-Jun NH 2 -termi- 
nal kinase (MAPK jnk ) (73, 188), and the rat homolog was 
named stress-activated protein kinase (SAPK) (188). Two 
more genes encoding MAPK? 1 * family members have also 
been cloned (123, 169, 188). These members of the 
MAPK 1 * group of MAPK, along with their MKKK and 
MKK, form the MAPK 11 * module (Fig. 12). 

Differential splicing and exon usage yield a total of 
10 different MAPK? 1 * isoforms from the 3 genes (123). 
Each kinase is expressed as a short form and a long form, 
and MAPI? 1 * 1 and MAPK jnk2 have an alternative sequence 
that appears in the kinase domain in some transcripts. A 
definitive analysis of the expression patterns of these 10 
different isoforms in vivo has not been done. MAPK jnkl 
and MAPI^ nk2 are expressed ubiquitously, whereas the ex- 
pression of MAPI? 1 * 3 appears to be limited to the brain 
(390). The alternative forms of the MAPK? 1 * 3 differ in their 
ability to bind, and presumably activate, different tran- 
scription factors (123). There is also evidence that the 
different forms of the enzyme can be differently regulated. 
In mouse macrophages stimulated with TNF-a, a 46-kDa 
MAPK? 1 * is activated, whereas a 54-kDa isoform is not 
(47). Because of extensive sequence homology between 
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fig. 12. MKKK, MKK, and MAPK that can be components of 
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these paralogues, biochemical identification using anti- 
bodies is very difficult, if at all possible. Whether these 
measurable differences reflect area! effect on the determi- 
nation of cell fate remains to be deteimined. 

MAPK jnk was first described as a SAPK, and it is the 
response to stress that has been most widely studied In 
spite of the volume of research in this area, little is known 
about the signal transduction pathways leading from cell 
stress, such as ultraviolet irradiation, to the activation of 
the MAPK jnk cascade. Cell stress can come in several 
forms, including heat shock, direct damage of DNA (y- 
irradiation, cytosine arabinoside), generation of reactive 
oxygen species (H 2 0 2 ), and conditions of hyperosmolar- 
ity. Until the exact sensors of cell stress are identified 
and characterized, the pathways that lead from stress to 
activation of the cascade will remain elusive. Cellular re- 
dox state, tyrosine kinases, and phosphatases are poten- 
tially involved in some stress responses, but the mecha- 
nisms for regulation have not yet been defined. 

The MAPI? 1 * response to extracellular ligands is far 
better characterized. MAPK nks can be activated through 
different receptor types, and the signal transduction path- 
ways that can converge on the MAPK 11 * cascade vary 
widely. MAPK? nks have been shown to be activated through 
cell surface receptors from a variety of families, including 
the TNF receptor family, GPCR, tyrosine kinase receptors, 
and cytokine receptors. The growing list of signaling pro- 
teins that are capable of activating the MAPK nk pathway 
has been recently reviewed (92). 

MAPI? 1 * 5 are activated by phosphorylation on threo- 
nine and tyrosine of the Thr-X-Tyr activation motif by one 
of two cloned dual specificity kinases, MKK™ 1 * 4 (300) and 
MKK mkkY (340). These kinases are in turn activated by an 
MKKK, of which several examples have been identified 
(Pig. 12); MKKK™** 1 " 4 (20, 111, 191), MKKK 35 * 1 (357), 
MKKK taki (387)) MKKir st (138)j MKKK ^>rk (286), MKKK" 11 * 

(137), and MKKK* 12 (298) have been shown to phosphory- 
late MKT^ 4 and activate its kinase activity and thus are 
designated as MKKK for the MAPK jnk pathway. 

Other kinases are capable of activating MAPK 1 * 3 
when they are overexpressed in cells but have not been 
demonstrated to act as MKKK In yeast, Ste20 is often 
placed directly upstream of the MKKK 11161 * 1 homolog 
MKKK* 611 (note again that this has yet to be proven geneti- 
cally and biochemically). Therefore, Ste20homologs, such 
as p21-activated kinase, germinal center kinase (GCK), 
Nck-interacting kinase (NIK), hematopoietic progenitor 
kinase 1 (HPK1), and GCK-like kinase (GLK) may regulate 
MAPK? 1 * by phosphorylation of specific MKKK. However, 
despite a great deal of interest in these kinases and the 
MAPK? 1 * pathway, there has never been a direct demon- 
stration of the activation of a MKKK by a Ste20 homolog. 
Although these kinases may activate MAPK 1 * when over- 
expressed in cells, their regulation of different MKKK has 
not been demonstrated biochemically or genetically. This 



is the case for NIK and HPK1 that, although capable of 
binding MKKK" 161 * 1 and MKKK* 1 *, respectively (175, 326), 
have not been shown to directly activate MKKK™ 1 * 1 and 

MKKK sprk 

Other signaling proteins that act as upstream activa- 
tors of the MAPK? 1 * module include the low-molecular- 
weight GTP-binding proteins of the Rho family. These pro- 
teins, in particular Rac and Cdc42, have been demon- 
strated to activate MAPK? nk when expressed as constitu- 
tively active forms. The competitively inhibitory mutant 
forms of Rac and Cdc42 can block MAPK jnk activation 
induced by EGF or TNF-a (62). They may do so by binding 
to a MKKK (93, 111) or to one of the Ste20 homologs 
discussed above (11). 

MAPK jnk activities can be downregulated by dual- 
specificity protein phosphatases, including M3/6 (also 
known as hVH-5) (253) and MKP-1 (also known as CL100, 
3CH134, Erp, and hVH-1) (100, 140). These phosphatases 
display selectivity toward MAPK? 1 * family members. MKP-1 
has been shown to be induced by MAPK pathways. How- 
ever, there are conflicting results as to which MAPK path- 
way is responsible for this induction. In U 937 cells, 
MAPK erk2 , but not MAPI? 38 " or MAPK? 1 * 1 , mediates the 
induction of MKP-1 expression (100). In contrast, in NIH 
3T3 fibroblasts, the MAPK? 1 * pathway, but not the MAPK 61 * 
pathway, induces MKP-1 induction (25). It is possible that 
this difference is because of the different cell lines used, 
but further work is required to clarify this issue. The up- 
stream regulation of M3/6 has not been demonstrated, so 
it is not known whether the phosphatase is a selective 
point of MAPK? 1 * regulation or a constitutively active 
switch that turns off MAPK* 1 * activity when the upstream 
activators are silenced. 

The expression of another protein, MAPK? 1 * inter- 
acting protein-1 (JIP-1) causes a decrease in the MAPK jnk 
activation of transcription factors (75), suggesting that 
JIP-1 acts as an inhibitor of MAPK 1 * Several other bio- 
chemical and biological functions of MAPK" 1 * are inhibited 
by a fragment of JIP-1 (the MAPK? 1 * binding domain, or 
JBD), including activation of oJun and Elk-1, transforma- 
tion of cells by break point cluster region- Abelson proto- 
oncogene (Bcr-Abl), and apoptosis induced by NGF with- 
drawal. However, it is not obvious that the inhibitory func- 
tions of the fragment are physiological functions of the 
full-length protein or merely a consequence of a loss of a 
functional domain of the protein. The full-length JIP-1 
acts as a MAPI? 1 * substrate and may have downstream 
activities of its own, which are blocked by overexpression 
of the MAPK 1 * binding domain. Recently, the rat homolog 
of JIP-1 (IB-1) has been cloned (27). Compared with the 
mouse JIP-1 sequence, IB-1 encodes a 47-amino acid inser- 
tion in a phosphotyrosine interaction domain. Polymerase 
chain reaction analysis of mouse and rat tissues has only 
revealed the sequences corresponding to IB-1 (that is the 
sequence with 47-amino acid insertion) (G. Waeber, per- 
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sonal communication), raising the possibility that JIP-1 is 
a truncated version of the natural protein. 

The MAPK? 1 * substrates are, to date, exclusively tran- 
scription factors, in contrast to the MAPK 63 * family that 
appears to have substrates outside the nucleus. The sub- 
strates that have been identified for MAPK 51 * 3 include c- 
Jun, ATF-2 (124), Elk-1 (409), p53 (145, 237), DPC4 (3), 
and NFAT4 (54). Phosphorylation of cJun at serine-63 
and serine-73 by MAPK? 1 * results in an increase in the 
formation of Jun/Jun homodimers and Jun/ATF2 hetero- 
dimers. c-Jun phosphorylated by the MAPK? 1 * 5 is also 
more resistant to ubiquitin-dependent degradation (256). 
Thus the MAPI? 1 * 9 have the abilility to activate transcrip- 
tion factors as well as stabilizing them, resulting in effi- 
cient activation of the target genes controlled by the 
MAPK nk -regulated transcription factors. Phosporylation 
of ATF-2 by MAPK nk also leads to an increase in transcrip- 
tional activity. The transcription factor Elk-1 represents 
a point of convergence for the MAPK* rk and MAPK 1 * path- 
ways (409). Phosphorylation of NFAT4 by MAPI?* inhib- 
its its function by preventing its translocation to the nu- 
cleus (54). Mutation of the serines that MAPK 1 * phosphor- 
ylates leads to a NFAT4 mutant that is constitutively 
active and located in the nucleus (54). The inhibitory func- 
tion of MAPI? 1 * on NFAT4 can be opposed by the phos- 
phatase calcineurin (54). DPC4 is a human mothers 
against decapentaplegic (Mad)-related transcriptional fac- 
tor regulated by transforming growth factor-/? (TGF-/?) in 
a MAPI? 1 * pathway-dependent manner (3). Overex- 
pression of DPC4 leads to apoptosis, and this response 
can be potentiated by mad3, another transcription factor 
that associates with and is phosphorylated by the TGF-/? 
receptor (401). This suggests that mad3 links the TGF-/3 
receptor to DPC4 activation and possibly apoptosis. Fi- 
nally, the transcription factor p53 is phosphorylated on 
serine-34 by all three isoforms of MAPK 1 * (145). However, 
the functional significance of this phosphorylation is un- 
clear. 

The mechanism by which MAPK? nk recognizes these 
substrates involves a bipartite sequence. As with the other 
MAPK, MAPK 1 * phosphorylates substrates at a Ser/Thr- 
X-Pro motif. However, this sequence is not sufficient for 
MAPK? 1 * to phosphorylate a protein, because JunB contains 
such a site and is not efficiently phosphorylated by MAPK 1 * 
(123). An additional docking site that is present on cJun 
is necessary for phosphorylation of that protein. The re- 
cruitment of MAPI? 1 * to this docking site effectively in- 
creases the local concentration of the kinase and directs 
activity to the proper NH^tenninal phosphorylation motif 
on c-Jun. Because c-Jun has the ability to heterodimerize 
with other AP I components, the binding of MAPI? 1 * to 
this docking site allows the kinase to come into contact 
with transcription factors that lack a docking site of their 
own (169). It has been suggested that the differences be- 
tween the activities of MAPK? 1 * 1 and MAPK? 1 * 2 are ex- 



plained by their differing affinities for c^Jun. MAPK jnk2 
shows a much higher affinity to c Jun because of a specific- 
ity-determining region that MAPI? 1 * 1 lacks (169). MAPK? 1 * 
also binds to ATF-2 at a site just NH 2 terminal to the phos- 
phorylation motif, and thus it interacts with this transcrip- 
tion factor in a bipartite manner as well (124). 

MAPI? 1 * activity has been implicated in the response 
to cell stress, specifically apoptosis. Although it has never 
been demonstrated that a MAPK* 1 * is sufficient for 
apoptosis in any system, it seems necessary for this pro- 
cess to occur in at least some cases (77). Inhibition of 
MAPK jr * signaling by introduction of dominant inhibitory 
mutants of MAPK 11 * 1 , its main downstream target c-Jun, 
or its major upstream activator MKK"* 1 * 4 , show that 
MAPK jnk is necessary for apoptosis in the response to 
growth factor withdrawal (125, 383), stress (51), DNA 
damage (170), and ligation of Fas on the cell surface (117). 
Depending on the cell type, Fas-induced apoptosis may or 
may not necessitate the activation of the MAPK jnk pathway 
(391). Whether the MAPK jI * pathway is required for Fas- 
induced apoptosis could depend on the cell's sensitivity 
to the death response and/or the presence of Daax, a Fas- 
binding protein that activates MAPK jnk (391). 

When the MAPK 1 * pathway is required for apoptosis, 
it is expected that c-Jun-dependent transcription leads to 
the de novo synthesis of pro-apoptotic proteins. Charac- 
terization of the pro-apoptotic proteins that are induced 
by MAPK pathways is clearly an important step in eluci- 
dating the role of these signaling events in apoptosis. Ex- 
pression of Fas ligand (FasL) is one pathway of transcrip- 
tion-dependent apoptosis. In response to DNA damage, 
FasL is expressed at the surface of T cells where it acti- 
vates Fas and consequently induces apoptosis. Deoxyribo- 
nucleic acid damage-induced FasL expression necessi- 
tates the activation of the API transcription factors in 
a MAPK^-dependent manner (170). Expression of FasL 
establishes thus a direct link between activation of the 
MAPK 1 * pathway and apoptosis. MKKK mekki appears to 
be the MKKK in the MAPK? 1 * module that is required for 
FasL expression (97, 170). Interestingly, MKKK" 161 * 1 has 
also the potential to activate the NF/cB transcription fac- 
tor (139, 196). Because NF/cB is also required for DNA 
damage-induced FasL expression (the FasL promoter con- 
tains AP-1 and NFkB binding sites) (170), it is possible 
that MKKK™ 1 * 1 integrates the stress signals that lead to 
activation of both API and NFkB. 

Yang et al. (390) demonstrated a specific role for 
MAPK ink3 in excitotoxicity. In MAPK^-deficient mice, ad- 
ministration of an epileptogenic dose of kainic acid did 
not cause seizures that were as severe as those in similarly 
treated wild-type mice. The onset of seizures coincided 
with cell death in an area of the hippocampus. No cell 
death occurred in this area in the MAPK 1 * 3 knockout 
mice. This is probably the best evidence for the role of a 
specific MAPK 1 * in an apoptotic response. The function 
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of MAPK? 1 * 3 in this excitotoxicity is undefined. Despite 
these observations, other investigators have suggested 
that MAPK" 1 * are not involved in apoptotic responses (160, 
211). The discordance is mostly related to Fas- and TNF- 
a receptor-mediated apoptosis, where the receptors may 
regulate caspases by a pathway different from that of 
other cellular stresses. 

MKKK™^ 1 , an upstream regulator of the MAPK jnk 
pathway, is able to regulate the apoptotic response possi- 
bly in a MAPK^-independent manner (192, 367). In its 
full-length 196-kDa form, MKKK™ 1 * 1 does not seem to 
promote apoptosis (41, 367). In fact, activation of full- 
length MKKK" 11 ^ 1 may induce survival responses, includ- 
ing the activation of the MAPK* 1 * and NFkB pathways 
(139, 191, 196). Both MAPIf rk and NFkB pathways have 
been shown to have survival responses in different cell 
types (see sect vA3 and Refs. 229, 345, 352). MKKK™** 1 
is a caspase-3 substrate, and when cleaved into a 91-kDa 
kinase fragment during apoptosis, it becomes a strong 
apoptotic inducer (41, 192, 367, 369). The cleavage of 
MKKK mekki could thus switch the function of MKKK™ kkl 

from a protective response to a cell death-promoting re- 
sponse. 

Although MAPK? 1 * in several cell lines appears to me- 
diate a stress response that is often associated with subse- 
quent cell death, in some cases it may act to promote 
survival or growth. BAF3 pre-B cells undergo apoptosis 
when deprived of IL-3. Readdition of IL-3 stimulates a 
MAPK jnk response in these cells, and inhibition of MAPK? 111 " 
activity by expression of a MAPK? nk specific phosphatase 
inhibits ILr3 induced proliferation, while having no effect 
on apoptosis induced by IL-3 withdrawal (318). In T98G 
glioblastoma cells, the MAPK? nk pathway seems to regu- 
late DNA repair, and its inhibition sensitizes the tumor 
cells to cisplatin-induced death (279). 

In both T and B cells, presentation of an antigen to 
the antigen receptors [the T-cell receptor (TCR) and the 
B-cell receptor, or surface IgM] alone causes growth ar- 
rest and/or apoptosis. However, presentation of antigen 
by an antigen-presenting cell allows the coactivation of 
the antigen receptor and a second receptor, CD28 in the 
T cell and CD40 in the B cell, that rescues the cell and 
allows it to proliferate. MAPK jnk has been demonstrated 
to play a role in this signal integration. ligation of the TCR 
or CD28 alone is unable to activate MAPK? 1 * or induce the 
synthesis of IL-2. Ligation of both receptors simultane- 
ously activates MAPK 11 * and IL-2 production (325). 
Blocking the MAPK ink pathway with dominant negative 
MKKK mekki blocks ILr 2 production in Jurkat cells in re- 
sponse to phorbol ester and calcium ionophore, which 
can substitute for CD28 ligation in these cells (96). Finally, 
in lymphocytes that are lacking MKIT^ 4 , CD28 and CD3 
ligation (a similar treatment to TCR ligation) are not as 
capable of inducing IL-2 production (265), However, al- 
though these cells are completely lacking a MAPK 11 * re- 
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fig. 13. MKKK, MKK, and MAPK that can be components of 
MAPK* 18 pathway. 

sponse to phorbol ester and calcium ionophore, they are 
still capable of proliferating and making IL-2, albeit at a 
lower rate. This suggests that some MAPK jnk -independent 
signal is operating in the proliferative response to these 
signals. What must be remembered is that none of the 
MAPK pathways including MAPK Jnk is acting alone in 
these responses; rather, the MAPK pathways are inte- 
grated with many other metabolic changes in the cell. The 
sum of these responses and their integration ultimately 
determines cell fate. 



C. MAPK 1 * 8 Pathway 

The mammalian MAPK 1 * 38 family consists of at least 
four different homologous proteins, MAPK? 38 ", MAPI? 38/J , 
MAPI? 38y , and MAPK? 386 (163, 323, 366). These MAPK? 38 
have the greatest homology to the yeast MAPK hogl , which 
is activated by hyperosmotic shock (366). Similarly to 
MAPK hogl , different MAPI? 38 are activated by cellular 
stress (ultraviolet irradiation, osmotic shock, heat shock, 
lipopolysaccharide, protein synthesis inhibitors), certain 
cytokines (ILrl, TNF-a), and GPCR (366). The activation 
of MAPI? 38 through either cellular stress or ligation of 
cell surface receptors involves the activation of specific 
protein kinases in an ordered activation module (MKKK/ 
MKK/MAPK) (Fig. 13). 

Similar to MAPK 61 * and other MAPK families, 
MAPI? 38 is activated by dual phosphorylation of Thr and 
Tyr in the Thr-Gly-Tyr activation motif (284, 366). Upon 
stimulation of MAPI? 38 activity, several specific sub- 
strates are phosphorylated MAPK p38 can phosphorylate 
and activate the MAPK-activated protein (MAPKAP) ki- 



166 



WIDMANN, GIBSON, JARPE, AND JOHNSON 



Volume 79 



nase 2 and 3 which phosphorylate small heat-shock pro- 
teins such as 27-kDa heat-shock protein (295). Other sub- 
strates for MAPI? 38 have been identified as transcription 
factors. ATF2 is phosphorylated by MAPI? 38 at Thr-69 and 
Thr-71 within its NH 2 -terminal activation domain, re- 
sulting in increased transcriptional activity (42, 284). Elkl, 
an effective MAPK erk substrate, also can be phosphory- 
lated by MAPI? 38 on several sites in its COOH-terminal 
activation domain (285). Chop (also known as GADD153) 
is a member of the C/EBP family of transcription factors 
that is phosphorylated by MAPI? 38 on serine residues 78 
and 81 (355). Phosphorylation of these residues enhances 
the ability of Chop to function as a transcriptional activa-. 
tor. Finally, the transcription factor Max binds to a COOH- 
terminal truncated isoform of MAPI? 38 ", leading to phos- 
phorylation of Max (397). Max heterodimerizes with 
c-Myc, a MAPI? 1 * substrate, raising the possibility that 
c-Myc/Max heterodimers represent a point of integration 
between the MAPI? rk and MAPI? 38 signaling pathways. 

Because MAPK p3S can phosphorylate many different 
substrates, it is reasonable to suggest that MAPI? 38 affects 
many different biological functions. To investigate biologi- 
cal functions of MAPI? 38 , a kinase inhibitor of MAPI? 38 
[pyridinyl-imidazole compound SmithKline Beecham 
(SB)-203580] is often used. It was found that administra- 
tion of SB-203580 blocks production of cytokines (IL-1 
and TNF-a) in stimulated monocytes (197). Furthermore, 
blockage of MAPI? 38 activity inhibits IL-2 production in, 
T cells (361). This suggests that MAPI? 38 is important 
for the production of cytokines in hematopoietic cells. In 
addition, inhibition of MAPI? 38 by SB-203580 prevents IL- 
2- and IL-7-driven proliferation, indicating a role for 
MAPI? 38 in cytokine-stimulated cellular proliferation (64). 
MAPI? 38 is also implicated in apoptosis. Several cellular 
stresses such as osmotic shock and ultraviolet irradiation 
that cause apoptosis activate MAPI? 38 kinase activity 
(366). In addition, death receptors (Fas and TNF recep- 
tors) upon ligation cause activation of MAPI? 38 (34). 
Blockage of MAPI? 38 activation by pyridinyl-imidazole 
compounds impairs Fas-induced apoptosis in T cells. 
Overexpression of MKKK askl , which activates MAPI? 38 
and MAPE" nk activity, induces apoptosis, and TNF-induced 
apoptosis is blocked by kinase dead MKKK* 3 * 1 (149). In 
addition, treatment of cells with sodium salicylate induces 
apoptosis and activates MAPI? 38 activity. This induction 
of apoptosis was blocked by SB-203580 (306). Just as the 
case with MAPI?*, there are cells where MAPI? 38 is acti- 
vated without apoptosis (329). Thus the involvement of 
MAPI? 38 in apoptosis may be specific to the type of induc- 
tion of apoptosis and the cell type used. It is likely that 
the involvement of MAPI? 38 in survival versus death re- 
sponses is integrated into the sum of metabolic changes 
that deterrnine if the activation of caspases will irrevers- 
ibly commit a cell to apoptosis. 

The function of MAPI? 38 in differentiated cells is 



poorly defined. MAPI? 38 is activated by thrombin in plate- 
lets (183), suggesting that MAPI? 38 plays a role in platelet 
activation, but no definitive studies have been reported. 
The MAPI? 38 pathway may be involved in the cardiac 
hypertrophic growth program, since expression of an ac- 
tive form of MKI?^ 6 , which activates MAPI? 38 , leads to 
augmentation of cell size, induction of the genes encoding 
A- and B-natriuretic peptides, and increase of a-skeletal 
actin expression. The active form of MKI?™ also elicited 
sarcomeric organization (396). 

Regulation of MAPK activation can occur through the 
activation of small G proteins of the Rho family. In the 
MAPK jnk pathway, Cdc42 and Racl mediate MAPK? 1 * acti- 
vation (366). Coexpression of constitutively active forms 
of Cdc42 and Rac with MAPK? 38 leads to increased activity 
of MAPI? 38 . Expression of dominant negative Cdc42 and 
Rac inhibits the ability of IL-1 to increase MAPI? 38 activ- 
ity. These findings suggest that Cdc42 and Rac mediated 
MAPI? 38 activation (11, 366, 398). Because Cdc42 and Rac 
do not directly activate MAPI? 38 activity, they must acti- 
vate other signaling molecules leading to MAPI? 38 activa- 
tion. These small G proteins have been shown to activate 
a family of serine and threonine kinases called p21-acti- 
vated kinase (Pak) (176, 221). Expression of constitutively 
active Pak stimulates MAPI? 38 activity, and a dominant 
negative Pak suppresses IL-l-induced MAPI? 38 activity 
(11, 398). Coexpression of Cdc42 or Rac with dominant 
negative Pak suppresses Cdc42/Rac-mediated MAPI? 38 
activation (11, 398). Thus Cdc42 and Rac regulate the 
MAPI? 38 signaling pathway in response to at least some 
cellular stimuli such as IL-1, and this apparently occurs 
through activation of Pak. Pak also associates with the 
adapter protein Nek through its SH3 domain, which local- 
izes Pak to membranes causing its activation (214). Nek 
could thus function to link activated surface receptors to 
the Cdc42/Pak signaling pathway and consequently 
MAPI? 38 activation. However, there is no evidence indi- 
cating that membrane localization of Pak leads to 
MAPK? 38 activation. Moreover, no proteins downstream 
of Pak that could link Pak to the activation of MAPI? 38 
have been characterized. There are, however, additional 
MKKK candidates for MAPI? 38 activation. MKKK^ 1 is ac- 
tivated by Tabl (Takl-binding protein) mediating TGF-/3 
signal transduction, and the expression of MKKK* 2 ^ 1 in 
cells leads to MAPI? 38 activation (354). Another candidate 
is MKKK 1 ^ 1 , which upon expression in cells activates 
MAPI? 38 activity. MKKK askl is activated in response to 
TNF-a treatment of cells that also leads to MAPI? 38 and 
MAPK jnk activation (149). Finally, MKKI? prk may also acti- 
vate MAPI? 38 activity upon expression in cells (335) (Fig. 
13). The connection between these MKKK to Cdc42/Rac- 
mediated activation of MAPI? 38 is unknown, but it ap- 
pears there will be multiple protein kinases leading to 
MAPI? 38 activation similar to the MAPI? rk and MAPK? 1 * 
signaling pathways. 

The protein kinases responsible for phosphorylation 
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and activation of MAPK? 38 are MAPKK 111 ^ 3 and MAPKK"^ 6 
(247, 366) (Fig. 13). Both of these MKK are activated by 
MKKK** 1 , MKKir kl , and MKKK** MKKK* 1 * associates 
with MKK mkk6 and phosphorylates amino acid residues on 
MKK mkk3 requ i re( i f or its activation (335). 

Hints in the literature suggest that some ligands can 
activate one MAPK pathway and at the same time inhibit 
another MAPK pathway. For example, glia maturation fac- 
tor activates the MAPK 1 * 8 pathway and at the same time 
inhibits the MAPK* 1 * pathway. Glia maturation factor is a 
17-kDa brain protein that, when phosphorylated by the 
cAMP-regulated PKA, specifically enhances the activity of 
MAPK* 38 (209). On the other hand, PKA-phosphorylated 
glia maturation factor is a strong inhibitor of MAPK erkl 
and MAPK 6 ** 2 (394). This indicates that a PKA-dependent 
pathway is able to differentially regulate the activity of 
MAPK pathways. 

Just as for the MAPK 63 * pathway, GPCR in addition 
to the thrombin receptor can induce the activity of 
MAPK 1 * 38 . In HEK 293 cells, MAPK* 38 can be activated 
through the Gq/G n -coupled ml muscarinic receptor, 
through the G r coupled m2 muscarinic receptor, and 
through the G s -coupled ^-adrenergic receptor. Overex- 
pression of Gfiy or G n a, but not G^ or Gi«, can stimulate 
MAPK 1 * 38 (389). Thus, depending on the GPCR, MAPK? 38 
activation can be mediated by the /?y-subunit complex or 
the a-subunit of heterotrimeric G proteins. 

MAPK 1538 family members are negatively regulated by 
protein kinase phosphatases. These phosphatases de- 
phosphorylate the Thr-Gly-Tyr motif in MAPK? 38 , thereby 
inhibiting its kinase activity. There are some protein ki- 
nase phosphatases that inhibit the activity of all MAPK, 
whereas others are specific (366). The protein kinase 
phosphatase M3/6 inhibits the activity of p38 and MAPI?* 
family members but is a poor inhibitor of the MAPK* rk 
family members (253) (see sect. vAS). 

D. MKK5/MAPK crk Pathway 

The least known mammalian MAPK pathway em- 
ploys MKK" 1 ^ 5 and MAPK erk5 The MKKK in this MAPK 
module has not been yet identified (87). MAPK 81 * 5 can be 
activated by oxidative stress and hyperosmolarity (1), but 
also by nonstress stimuli such as serum (172). MAPIT rk5 
can bind MKIC" 1 ^ 6 in vitro (405) and, in contrast to 
MAPK erk2 , MAPK p38a , and MAPK jnk \ is activated in vivo by 
expression of an activated mutant of MKK^ (172). This 
indicates that MKK mkk5 is the upstream regulatory kinase 
of MAPK* 1 " 5 . The activation of MAPK erk5 induced its trans- 
location from the cytosol to the nucleus. In response to 
serum, the activation of MKK" 1 ^ 5 and MAPK erk5 leads to 
the activation of the transcription factor MEF2C, which 
induces the expression of c-Jun (172). MEF2C can also 
be regulated by the MAPK? 38 pathway in macrophages 
induced with gram-negative bacterial lipopolysaccharide 



(127). This shows again that different mammalian MAPK 
pathways can have similar downstream targets, as seen 
in yeast However, the p38 and the MKK mkk5 /MAPK erk5 
pathway activates MEF2C through the use of different 
phosphorylation sites (172). This suggests that MEF2C 
could integrate, in a noncompetitive fashion, signals origi- 
nating from different MAPK pathways. Additional work is 
required to define the other components and signaling 
proteins that regulate the MAPK erk5 module. 

VI. MITOGEN-ACTIVATED PROTEIN KINASE 
PATHWAYS IN OTHER ORGANISMS 

Components of MAPK pathways are rapidly being 
characterized in a number of nonmammalian experimen- 
tal systems, including X. laevis, Drosophila melanogaster, 
Caenorkabditis elegans, and plant species. The role 
played by MAPK pathways in these organisms is still frag- 
mentary, but because they represent powerful experimen- 
tal systems, they will undoubtely provide many interesting 
insights on the function and role of MAPK pathways in 
important physiological processes (i.e., development). To 
illustrate this point, we very briefly discuss MAPK mod- 
ules and their regulation in nonmammalian and nonyeast 
organisms. 

A. Dictyostelium discoideum 

In Dictyostelium, three independent MAPK pathways 
regulate growth and multicellular development. The Dic- 
tyostelium MEK (MKK DdmGkl ) is required for chemotaxis 
toward cAMP during aggregation (216). MKK Ddmekl is re- 
quired at the time of cAMP stimulation for the activation 
of guanylyl cyclase and the production of cGMP, the sec- 
ond messenger for chemotaxis in these cells. Dictyostel- 
ium MAPK 61 * 1 is required for vegetative growth and prob- 
ably plays a role during multicellular development (110). 
The Dictyostelium MAPK erk2 is activated by extracellular 
cAMP and is required for receptor activation of adenylyl 
cyclase during aggregation, prespore-specific gene ex- 
pression, and morphogenesis in a partially GPCR-depen- 
dent manner (218, 307). The chemoattractant folic acid, 
which allows the amoebae form of Dictyostelium to find 
bacteria in the wild, activates MAPK erk2 . This response 
requires the Dictyostelium Got protein (Ga4) (219). In 
Dictyostelium, there are thus two independent pathways 
to MAPK erk2 , one that is mediated by folic acid and is 
totally dependent on G protein-dependent pathways and 
one that is mediated by cAMP and is partially G protein 
independent 

B. Caenorhabditis elegans 

The ras homolog of C. elegans (Let-60) is a key player 
in the signal transduction pathway that controls the 
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choice between vulval and epidermal differentiation in 
response to extracellular signals. The pathway down- 
stream of Let-60 is composed of a MAPK module em- 
ploying the MKKK^ homolog MKKK** 45 (129), the 
MKK mek homolog cMKIT ek2 (181, 381), and the MAPK erk 
homolog MAPK 51 * 1 (380). MAPIC™ 1 acts upstream of the 
transcription factor Lin-1 (17, 380). Worms deficient in 
MAPK 51 * 1 can be rescued by rat MAPK erk2 , demonstrating 
the conservation of a Ras-mediated pathway between 
worms and mammals. Another MKKK^ 1 homolog, 
MKKKfc* 1 , nas Deen isolated by screening suppressors of 
the multi-vulva phenotype caused by an activated Let-60 
Ras allele (328). It is, however, unclear whether MKKK* 511 
lies downstream of Let-60 Ras or if it is part of a MAPK 
pathway that functions in parallel to the MKK Un45 /MAPK slirl 
pathway. 

C. Drosophila melanogaster 

The gene product encoded by the rolled locus is a 
homolog of the mammalian MAPK 61 * proteins. This kinase, 
dMAPK rolled J is required for the sevenless receptor tyrosine 
kinase expressed in the R7 precursor cells to transduce 
the signal that leads to the development of the R7 photore- 
ceptor cell (19). The Drosophila homolog of MKKK** 1 , 
dMKKK 1 ^ 1 , is required for early larval development (263), 
indicating that the Drosphila MAPK 61 * pathway is involved 
in this process. The Drosophila MAPK erk pathway seems 
to be involved in several developmental pathways in the 
fruit fly. 

Dorsal closure, a morphogenetic process occurring 
during Drosophila embryogenesis, is regulated by the 
gene products of hemipterus (dMKI? ep ) and basket 
(dMAPK bsk ), the homologs of MKK mkk? and MAPK jnk \ re- 
spectively. Embryos lacking these kinases exhibit a dorsal 
closure phenotype (292). Similarly, embryos lacking the 
Drosophila Jun homolog (Djun) also have a defect in dor- 
sal closure (143). This suggests that Jun is a target of 
dMKK kep /dMAPK bsk signaling. However, the role of 
dMAPK*^ in Djun regulation has been disputed (143). 
dMAPif 5k may also be implicated in an immune response 
toward bacterial infection in Drosophila because it is acti- 
vated by lipopolysaccharide, a component of the bacterial 
cell wall (317). 

MAPK* 138 Drosophila homologs (dMAPK 1 * 8 * and 
dMAPK? 3Sb ) have recently been cloned (126, 130). Expect- 
edly, the dMAPK 1 ^ 8 are activated by stress (osmotic shock, 
heat shock, H 2 0 2 ) in Drosophila cells (126, 130). Surpris- 
ingly, however, the dMAPK 5 * 38 do not positively regulate 
immunity signaling in contrast to what appears to be the 
case in mammalian cells; rather, the dMAPK? 38 seem to 
act as attenuators of immunity gene expression (i,e,, re- 
pression of transcription of the antimicrobial peptides at- 
tacin and acropin) (130). This attenuation of immunity 
gene expression only occurs at late stages of infection 



and could represent a control mechanism that prevents 
overstimulation of the immune system and its associated 
detrimental effects. 

In conclusion, the three types of MAPK pathways 
found in mammalian cells (MAPK erk , MAPK jnk , and 
MAPK 1 * 38 pathways) appear to be present in insect cells. 
The Drosophila system will undoubtly be useful to assess 
the roles of MAPK pathways, since genetic studies are 
relatively easily performed in the fruit fly. 

D. Xenopus laevis 

G 2 arrest of Xenopus oocytes requires that preformed 
cyclinB-cdc2 complexes [prematuration-promoting factor 
(MPF)] be kept in an inactive form that is largely due to 
inhibitory phosphorylation of MPF. xMAPK 61 * downregu- 
lates the mechanism that inactivates cyclin B-cdc2 kinase 
and may thus be involved in the exit of the G2 cell cycle 
block (2). Xenopus MKKK™ 3 (xMAPKKK™ 3 ) is a germ- 
cell-specific protein that is absent from immature oocytes 
and is synthesized from stored maternal mRNA in re- 
sponse to progesterone. Translation of xMKKK 1 * 105 is nec- 
essary for progesterone- and insulin-induced maturation 
of oocytes. xMRKK" 1 " 5 is the only protein that must be 
synthesized to initiate maturation. xMKKK™ 8 induces 
rapid activation of MKK and MAPK in oocytes as well as 
during xMKKK nos -induced mitotic arrest in early embryos 
(276). xMKKK" 108 action on oocyte maturation may require 
the Xenopus MKKK™* 1 , but probably not in a direct man- 
ner, since MKKK*** 1 activation occurs only several hours 
after xMKKK mos expression (254). 

The spindle assembly checkpoint prevents cells 
whose spindles are defective or chromosomes are mis- 
aligned from initiating anaphase and leaving mitosis. Spin- 
dle assembly checkpoint requires the activity of the Ras- 
dependent MAPK pathway employing the Xenopus 
MAPK 63 * 1 and MAPK erk2 proteins (331, 356). In contrast, 
this MAPK pathway appears dispensable for the normal M 
phase entry and exit (331, 356). In the developing Xenopus 
embryo, the Ras-dependent MAPK pathway is also in- 
volved in mesoderm induction (342). 

The Xenopus system provides a good example of the 
involvement of MAPK kinase pathways in the regulation 
of the cell cycle and may prove to be particularly useful 
in studying the role of MAPK pathways in development. 

E. MAPK Pathways in Plants 

Stress such as drought, cold, wounding, or pathogen 
attacks activate MAPK in several plant species and medi- 
ates the appropriate defense or survival mechanisms (166, 
208, 310, 399). Mechanical stress in the form of touch, 
rain, and wind also activate MAPK (33). 

Auxins are phytohormones that control plant growth 
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and development. Kinases able to phosphorylate and acti- 
vate ntMAPK™^ are stimulated in tobacco cells incubated 
with auxins (244). This suggests that growth and/or devel- 
opment is also controlled, at least in part, by MAPK path- 
ways. 

The increasing number of plant MAPK pathways 
members that are being characterized (Table 1) indicates 
that plant MAPK pathways mediate many different as- 
pects of plant physiology. It is also anticipated that there 
is a great degree of conservation between the plant and 
the mammalian MAPK pathways, as indicated, for exam- 
ple, by the fact that MAPK pathways transduce stress 
signals in both types of organisms. 

VH. CONCLUDING REMARKS 

Saccharomyces cerevisiae, a single-cell eukaryote, 
has six MAPK, four MKK, and five MKKK encoded in its 
genome. The corresponding numbers in higher eukaryotes 
are larger, obviously reflecting the increased complexity 
of these organisms. For example, the number of charac- 
terized MAPK is 12 in mammals, and this will almost cer- 
tainly increase when the human genome is completely 
sequenced. The number of MKKK appears to be equal to 
or larger, than that of the MAPK Why have so many 
MKKK? The most likely explanation is that different 
MKKK are integrated into different MAPK modules for 
responsiveness to different upstream signals such as 
those originating from cytokines, hormones, cell-cell in- 
teractions, and different stress responses (heat, changes 
in osmolality, etc.). It is also likely that not only will 
specific MKKK function in more than one MAPK module, 
but they will probably have substrates other than MKK 
for regulation of cell physiology. MEKK1 is a good exam- 
ple, being capable of regulating the MAPK 1 * pathway and 
the NFkB pathway. 

What lies ahead in the discovery of MAPK pathways? 
Obviously, the genome projects for humans, C. elegans, 
and D. melanogaster will be enormously insightful. The 
number of MAPK, MKK, and MKKK in an organism will 
be predicted from this information. Selective expression 
of specific MAPK module kinases in given cell types will 
also be informative. Hie difficult task will be to character- 
ize functionally and biochemically all the different MAPK 
modules operating in a cell. The biochemical characteriza- 
tion should determine which MAPK, MKK, and MKKK is 
used for a given MAPK module, and the functional charac- 
terization should define the upstream inputs and down- 
stream substrates for each MAPK module. In addition to 
biochemistry and experiments employing transfection 
protocols, genetic approaches, such as gene-targeted dis- 
ruption (knockouts), will have to be taken to unequivo- 
cally define the physiological functions of MAPK path- 
ways. Apparent redundancy in function, particularly at the 
level of MKKK, makes this task difficult but also extremely 



important. Finally, the subcellular location of specific 
MAPK modules is predicted to be a major regulatory prop- 
erty for their regulation. The different structural motifs 
found in the MKKK suggest different protein-protein inter- 
actions for their regulation. These motifs include leucine 
zippers, proline-rich sequences, 14-3-3 interaction sites, 
GTP-binding protein interactions, serine/threonine and ty- 
rosine phosphorylation sites, and more. All of these regu- 
latory sites can influence the subcellular location, in addi- 
tion to the activity of the kinases. Our prediction is that 
specific MAPK modules will be shown to function as sen- 
sors localized in specific regions of the cell to respond 
to defined extracellular and intracellular imputs for the 
control of gene expression, metabolism, and the cytoskel- 
eton. 

Present addresses: C. Widmann, Institut de Biologie Cellu- 
laire et de Morphologie, University of Lausanne, Ch. du Bugrton 
9, 1005 Lausanne, Switzerland; M. B. Jarpe, Biogen Corporation, 
Boston, MA. 
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